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ABSTRACT 


The object of this dissertation is to develop an approxi- 
mate second-order analysis to trace the response of a coupled 
shear wall-frame structure upto its ultimate load. Various 
aspects of the analysis are checked by comparing the predicted 
results with the tests performed on specimens designed to simulate 
portions of a tall structure. 

For the analysis, the actual structure is lumped into an 
equivalent structural model. The model is then analyzed under a 
constant vertical load and monotonically increasing lateral loads. 
The method of analysis accounts for the wall-frame interaction 
forces, the base rotations, the finite width of the shear wall, the 
inelastic behavior of both wall and frame elements and the secondary 
moments produced by the axial forces in the columns acting on the 
deformed structure. 

Tests were performed on three, four-story, single-bay, 
coupled shear wall-frame specimens. Each test specimen consisted 
of a reinforced concrete shear wall and a steel column stack, con- 
nected at four levels by rigidly framed steel beams. The first two 
specimens were designed to exhibit behavior characteristic of the 
bottom stories of a tall structure and the third to simulate the 
behavior of the top stories. The experimental results were compared 


with the behavior predicted by the second-order elastic-plastic 
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analysis. The results indicate that the load-carrying capacity of 
coupled shear wall-frame structures can be closely predicted by 
this analysis. 

A design method has been developed for coupled shear wall- 
frame structures which is a combination of the present method of 
analysis and the sway subassemblage technique. The method essentially 
consists of three steps: a design for gravity load only, an analysis of 
the lumped structure by the present method and _ finally 


a check using the subassemblage method, to ensure that the 


resistance assigned to the steel bents can indeed be achieved. 
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Ze Vertical load on the shear wall 

R End reaction of beam 
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Story shear 

Extra story shear due to the PA effect 

Uniformly distributed load per unit length 

Reduction factor for the plastic moment capacity of 
beams to simulate the uniformly distributed load 
Ratio of frame shear to the total applied shear (in- 
cluding the PA shear) 

Convergence limit for the iteration process 

Lateral deflection of the structure 

Lateral deflection of the structure, after applying 
the forced convergence formula 

Rotation of the frame or wall joint 

Joint rotation after applying the forced convergence 
formula 

Vertical deflection of the beam-to-wall connection 
Vertical deflection of the beam-to-wall connection 
after applying the forced convergence formula 

Sway rotation; the ratio of the relative deflection of 
the story to the story height or chord rotation for 


the beams 
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CHAPTER I 
INTRODUCTION 


With the introduction of structural steel shapes in the 
later part of the nineteenth century, a large number of framed multi- 
story buildings were constructed (1). The lateral loads were assumed 
to be transferred through the floor system to massive end walls and 
finally to the foundation. The introduction of diagonal bracing in 
the early twenties provided a more effective and economical means of 
resisting lateral loads. The diagonal bracing members in combination 
with the beams and columns made up a vertical truss system which re- 
placed the massive walls and transmitted the lateral forces to the 
foundation. 

Modern buildings are often constructed with rigidly con- 
nected steel bents framing spacious interior areas. The elevator 
cores and stairwells form stiff interior shear walls. The interior 
walls, acting in combination with the rigidly framed bents, provide 
stability against translatory movements caused by wind and earthquake 
loadings, thus serving both the structural and non-structural function 
Of the building. A structural system consisting of coupled shear walls 
and rigid frames appears to be economical for buildings in the 20-40 
story range. Above this limit, diagonal bracing or other framing 


systems are generally used (2). 
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The increasing number of coupled shear wall-frame structures 
has emphasized the need for a knowledge of the behavior of this type 
of system. It has been common in the past to design the frame to 
resist the vertical loads acting on the structure and the shear walls 
to resist the lateral forces (3). The above procedure is acceptable 
for low buildings, but for tall structures the interaction between 
the shear wall and the frame is significant (21).If the frame alone re- 
sisted the lateral forces, it would deflect in a shear mode as shown 
in Fig. 1.la, while the free shear wall would be subjected to the 
cantilever type of deformation shown in Fig. 1.1b. Since the two 
elements are connected at each floor level, interaction forces will 
be developed in the structure and the final deflected shape will be 
as shown in Fig. 1.2. The distribution of lateral load between the 
shear wall and the frame must be determined before a rational design 
procedure can be formulated. 

The response of coupled shear wall-frame structures in the 
elastic range has been predicted by various methods. Many of the 
methods are applicable for regular structures with uniform member 
properties throughout the height of the structure. Since the structure 
under consideration is highly indeterminate, methods which account 
for the inelastic action of the structure are necessary to assess the 
complete behavior of the system. A number of elastic-plastic solu- 
tions for large unbraced planar frames have been reported, however, 


similar results for coupled shear wall-frame structures are limited. 
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The traditional methods of analysis may lead to a set of ill-condi- 
tioned equations with the accompanying difficulties in solution be- 
cause of the large difference in the stiffnesses of the various 
structural elements. 

The object of this dissertation is to develop an approxi- 
mate method of analysis to trace the response of the coupled shear 
wall-frame structure up to the ultimate load and to verify the appli- 
cability of the analysis by comparing the results with those of 
experiments performed on carefully chosen specimens. Computer methods 
are indispensable for the elastic-plastic analysis of large structures, 
since the structure must be analyzed in several stages of deterioration 
to obtain the complete response. In order to reduce the computations 
to a reasonable limit, the structure will be simplified to an equiva- 
lent structural model. With the approximate analysis programmed for 
the digital computer, the behavior of shear wall-frame structures 
can be traced as shown in Fig. 1.3. The lateral load at the top 
level of the structure, H, is plotted versus the top level deflection, 
A. In tall buildings, the axial load plays a dominant role and pro- 
duces additional overturning moments commonly referred to as PA moments; 
where P is the axial load and A is the deflection due to sidesway. 
The effect of these secondary moments is to reduce the capacity of 
the structure to resist lateral loads as shown in Fig. 1.3. The 
present method of analysis takes into account these ‘secondary’ mo- 


ments, and thus will be termed a second-order analysis as opposed to 
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the first-order analysis which neglect these effects. 

The analytical and experimental research work performed on 
coupled shear wall-frame structures and planar frames is discussed 
in Chapter II of this dissertation. Th Chapter III, the method of 
analysis is described and the assumptions on which it is based are 
discussed. The method of lumping the structure into an analytical 
model is also presented. The behavior of a 24 story structure is 
studied under various conditions in Chapter IV. This study forms 
the basis for the design of the experimental program. In addition, 
a design example is included in Appendix E. 

Three, four-story, one-bay structures were designed to 
exhibit behavior similar to that of portions of a tall building. 
The design was based on the computer program developed for the 
analysis of coupled shear wall-frame structures. The first two 
specimens were designed to exhibit behavior characteristic of the 
bottom stories of a tall structure and the last to simulate the 
behavior of the top stories. The specimen description, test arrange- 
ment, loading scheme, and instrumentation are presented in Chapter V. 
Chapter VI is devoted to the description of the results of the tests 
on the three specimens. In Chapter VII, comparisons are made between 
the theoretical predictions and the observed response of the specimens. 
The summary, conclusions and recommendations are included in Chapter 


VEL 


ea iy ft t 
os 7 te ' 
ba ie Darts 


nitanoni, 21 ain ony ons. i monnaierin 

7 #0: botizen ont, 117 yadQeild oT « rasa abt He 
a, oye. beesd ah at sotdw #10 _snoh sues aif she seateniadis i it 
hea tty sions ne. otat anat oud 2 ‘ad sinh ta mens 

zt sas guise Ytode BS: 6 76 soivensd Set betnezsig 02 

= 2mn10% Nbude aint AA: ‘angi nt aio 2Pbn0 | eustiew 9 : 
este mi ngIONG lednenitregss, any te dg} 23h il nots fs 

. 3 aTbnenga a babiifont zh s 4 

: oF Menptesh sxsw zevidoui Te \ysd-sn0 ‘ote WOT seit 
pnb fii: Pet 6, to enole10q) to ars oF glint e4 

eft ot bogofsivet MBO: Vatugos ait. fio tase 7 

ows tevit sat atenwIours2 amprt~! iow yserie bal quaa: te a 2 , 

ait 0 shtzinszasiad> ~olverled sidtiice of banpieeb angie 
gilt. ofefumi2 at: sent any bis aqusoubae brag 6 toe 
SQNENE tae3 enotzghio20b mamtoege, anit 2etrot2 iia it 
MV raged) ant boinsag, 895. Hot Sssraminzent. ‘bres 
adeet ort Yo. allies sit 20 not tqrtoeeb aid son a8 
neswied ebem s46 anoaivsqrio2 LV Natgende nl. a. 
vent pega* ang seine ei i ate 


WALSAS SWVa4-T1VM 


YWSHS GSNIGWOD 40 3dWHS WNIS e@'l “OTS TIWM UVSHS ONY SWVe4d 40 AdWHS 031997490 334 LL “OTA 


1IVWM 8 3Wvdas GINIGWOD TIVM 3344 -(4) JwWvys 334 - (2) 


RQ RN 


FIRST- ORDER 
SECOND- ORDER 


FIG. 1.3. FIRST AND SECOND ORDER LOAD-DEFLECTION RELATIONSHIPS 
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CHAPTER II 
PREVIOUS INVESTIGATIONS 


2.1 Introduction 

In order to investigate the problems discussed in Chapter 
I, it is necessary to develop a technique to predict the load-deflec- 
tion relationship for coupled shear wall-frame structures up to the 
ultimate load. 

This chapter first presents a brief summary of the methods 
of analysis for coupled shear walls; this leads naturally to a dis- 
cussion of similar solutions for coupled shear wall-frame structures. 
The analysis of large framed structures, which include shear walls, 
are also presented and the possibility of utilizing these methods 
for the present problem are considered. 

The above investigations consider the response of the 
structure in the elastic range; the current state of knowledge re- 
garding elastic-plastic analysis of unbraced frames and coupled shear 
wall-frame structures is next reviewed. In addition, the experimental 
work performed on specimens simulating large structures is briefly 
summarized. 

The development of the basic approach for the present problem 


is discussed with reference to this review. 
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2.2 Shear Wall Structures 

Coupled shear wall structures generally consist of two or 
more shear walls connected by beams or slabs, while coupled shear 
wall-frame structures consist of conven tone beam and column ele- 
ments which act together with stiff shear walls. The important as- 
pect of the design of these structures is the proportioning of the 
lateral loads between the shear walls or between the frame and the 
shear wall. Coull and Smith (4) have presented an excellent review 
of the methods available to analyze structures containing shear walls. 

Coupled shear walls have been analyzed by replacing the 
discrete connecting beams by a continuous lamina of equivalent stiff- 
ness (5,6,7). However, in order to obtain a closed form solution, 
constant structural properties have been assumed throughout the 
height of the structure. Coull and Puri (8) have taken into account 
the shear deformation of the shear walls. Recently, a finite element 
technique (9) has been used which takes into account the distortion 
of the shear walls and the stress concentrations at the beam-to-wal] 
junctions. 

The above work has been extended to provide closed form 
solutions for coupled shear wall-frame structures. Cardan (10) has 
developed expressions for the lateral stiffness of various types of 
beam and column arrangements. The main assumptions in this approach 
are that the properties of the wall are constant throughout the height 


and that the forces acting on the wall are continuously distributed 
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over the height of the building. A differential equation, expressing 
the equilibrium of the shear wall is formulated with the rotation as 
the unknown parameter. 

The energy method has been used by Bandel (11), who replaces 
the shear wall by an equivalent truss as shown in Fig. 2.la. The 
deformed shape of the wall is expressed as a power series and simulta- 
neous equations are developed from the minimization of the total poten- 
tial energy of the system. 

Gould (12) utilized the finite difference technique, where 
the frame is replaced by rotational and translational springs linked 
by rigid bars as shown in Fig. 2.1b. In the analysis, it is assumed 
constant story height and shear wall stiffness. The lateral resis- 
tance of a particular floor is determined from the properties of the 
members in each floor and their relationship with adjacent floors. 

The lateral deformations of the wall are represented by finite diffe- 
rence equations, one for each story. 

Recently, coupled shear wall-frame bents have been analyzed 
by Oakberg and Weaver (13) by applying the finite element technique. 
The finite element model can accommodate rectangular openings and 
pillasters. The method takes into account the effects of shearing 
and local deformations. Several other elastic analyses (14-18) have 


also been reported for analyzing shear wall-frame structures. 


2.3 Elastic Analysis of Multi-Story Structures 


Clough, Wilson and King (19) have developed a method of 
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analysis for a building consisting of several parallel rigid frames. 
All the bents in the building are analyzed simultaneously by assuming 
that the bents are connected by inextensible links. This is equivalent 
to assuming that the floor Saphira are inextensible. 

This method has been extended (20) to bents composed of 
shear walls acting with frames. The axial deformations of the columns 
and shear walls have been considered, although the secondary moments 
due to the PA effect are neglected. A three-dimensional analysis can 
also be performed, on the assumption that under lateral load each 
floor level of the building can translate but not rotate. The lateral 
stiffnesses of each frame (in both directions of the building) are 
evaluated and summed to obtain the total building stiffness. 

An iterative method has been used by Khan and Sbarounis (21), 
in which the building is lumped into an analytical model consisting 
of a shear wall system and a frame system as shown in Fig. 2.2. The 
method accounts for the variation of wall and frame properties. The 
effects of base rotation, plastic rotation of the wall and secondary 
deflections of the frame have also been discussed. Influence curves 
are developed to estimate the distribution of shear between the wall 


and the frame for a wide range of structural proportions. 


2.4 Elastic-Plastic Analysis of Unbraced Planar Frames 


An excellent review of the previous work on the elastic- 
plastic analysis of unbraced frames is reported in References 22 and 
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In a multi-story structure, where the axial loads and the 
secondary deflections play an important role, the second-order elastic- 
plastic analysis (23-27) yields close correlation with the true behavior. 
Modern high speed computers are particularly suitable for elastic-plastic 
analysis, since the structure must be analyzed in several stages of dete- 
rioration, in order to obtain the complete response. The second-order 
effects that may be taken into account are the axial shortening of the 
columns, the reduction in column stiffness due to the axial load, the 
curvature shortening of the members and the secondary, or PA, moments as 
defined in Chapter I. Inelastic action is normally represented by point 
plastic hinges with the influence of strain-hardening neglected. A second- 
order elastic analysis is performed on the original structure. When the 
plastic moment capacity is achieved at a particular location, a hinge is 
assumed to be inserted in the structure. The stiffness is then modified 
to take into account the new configuration of the frame which is then re- 
analyzed under the next increment of load. 

The earliest computerized analysis for unbraced planar frames 
subjected to static, proportional loads, was developed by Jennings and 
Majid (24). Matrix techniques have been used with the displacement vector 
as the unknown. If during any stage of loading,plastic hinges form in the 
structure, the number of unknowns is increased by the number of hinges. 
Each time a new hinge is formed, the determinant of the stiffness matrix, 
before and after hinge formation, is calculated. When the determinant 
passes from a positive value to a zero or a negative value, the maximum 
capacity of the structure has been attained. Davies (25) has extended 


this analysis to consider the effects of variable repeated loading, 
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strain-hardening and hinge reversals based on the bending deformations 
of the structure. 

A similar method, developed by Parikh (26), utilizes the 
slope-deflection equations, including the axial load effects. By 
satisfying the moment and shear equilibrium equations, a set of simul- 
taneous equations is generated. The axial load effect is taken into 
account by a series of iterations. The equations are solved by the 
Gauss-Seidel Iteration method in order to use the available memory 
locations of the computer more efficiently. However, the exact order 
of hinge formation during a given load increment is not known. 

The second-order elastic-plastic analysis presented by Korn 
and Galambos (23) combines the features of the two analyses described 
above. The formulation technique is similar to Parikh's, although 
the equations are solved by matrix techniques. The plastic hinges 
are detected in sequence, however, similar to the procedure used by 
Jennings and Majid (24). 

In the Subassemblage Method (27), isolated parts of a multi- 
story frame can be analyzed as independent units. The points of in- 

flection in the columns are assumed to occur at mid-height, so that 
Ne imaginary slices through the structure isolate one floor level 
with its attached columns as shown in Fig. 2.3. Four subassemblages, 


each consisting of a column restrained by the adjacent beams are ob- 
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tained from this model. An inelastic analysis is performed on each 
subassemblage and the response of the complete story is obtained by 
summing the responses of each subassemblage. In a coupled shear 
wall-frame structure, however, the neheuiar of a portion of shear 
wall can not be isolated, since the deflections and rotations of each 


part of the wall depend on the deformation of the wall as a whole. 


2.5 Inelastic Analysis of Coupled Structures 


Several elastic analyses of coupled structures have been 
described in Sections 2.2 and 2.3 of this chapter. However, none of 
these analyses attempt to analyze the structure in the inelastic 
range. Clark (28) has developed a method of analysis, which predicts 
the response of reinforced concrete shear. wall-frame structures up- 
to the ultimate load. The approach is similar to Parikh's analysis. 
The analysis is performed on a planar bent consisting of rigid frames 
and shear walls. The slope-deflection equations are modified to take 
into account the finite width of the shear walls. 

The entire building is analyzed as a two-dimensional bent; 
consisting of the rigid frames and walls, linked together by 
rigid bars. The example structures presented are symmetrical, with 
the shear wall placed at the center of the bent. A system of ill- 
conditioned equations may be generated, if the stiffness ratio of 
the shear wall to the column is high. Hence, this approach is not 
suitable for all types of coupled shear wall-frame structures and 


needs further investigation. 
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2.6 Experimental Investigations of Multi-Story Frames 


In addition to the development of an analytical procedure, 
this dissertation reports the results of experiments on specimens 
simulating portions of an entire structure. Extensive experimental 
work has been performed in the process of developing rational and 
economical design methods for multi-story braced and unbraced steel 
frames. An excellent review of the large-scale tests on steel frames 
has been reported in References 22 and 31. 

The results of tests on three, three-story, two-bay frames 
have been reported by Yura (29). These tests were performed to 
verify the plastic design method for braced frames. The geometry 
of the frame was the same for all test specimens, however, the load- 
ing conditions varied, including full gravity load, checkerboard 
gravity load and checkerboard gravity with lateral load. Yarimci (30) 
reported the results of full-size tests on three-story unbraced steel 
frames. Two basic failure mechanisms were exhibited by these speci- 
mens; the sway mechanism and the combined mechanism. It was observed 
that unbraced frames are likely to fail by overall instability before 
the formation of collapse mechanism. 

Arnold, Adams and Lu (31) have tested a single-story frame 
under non-proportional loading. The frame is shown in Fig. 2.4, and 
was designed to exhibit behavior similar to that of the lower stories 
of a multi-story frame. The main objective of the test was to study 


the effect of axial load and the influence of strain-hardening on the 
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response of unbraced structures as an aid to the development of a 
rational design procedure for such structures. A second-order elastic- 
plastic analysis has been applied to predict the response of the 

portal frame. In addition, the strain-hardening effect has been 
included in the analysis in a rational manner. The test results 

were predicted closely by the analysis. 

The single-story, single-bay frame shown in Fig. 2.4, was 
also subjected to static cyclic loading (32), which simulated the 
effects of earthquake motions on frame response. A single-story, 
Single-bay frame and a three-story, single-bay frame were tested by 
Carpenter and Lu (33) to study the behavior of steel frames subjected 
to cyclic loading. The test frames were typical of current aseismic de- 
Sign practice and simulated portions of an eight-story prototype frame. 
Each frame was subjected to 50 cycles of increasing amplitudes of 
horizontal displacement. It was observed that the presence of re- 
sidual PA moments has a significant effect on frame behavior. 

Nikhed (34) has tested a reinforced concrete four-story, 
single-bay coupled shear wall-frame structure. The vertical load in 
the column and shear wall were applied initially and held constant 
during the test. Next, the lateral load was incremented. The reponse 
of the test frame was closely predicted by a second-order inelastic 


analysis. 
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2.7 Summary 


At this point, it is now possible to discuss the adequacy 
of the present state of knowledge for the structures under consideration. 
Except for Clark (28), no other analy eis predicts the complete load- 
deflection history of coupled shear wall-frame structures. However, 
Clark's analysis does not include the possible base rotations of the 
columns and shear walls and for structures having even moderately 
stiff shear walls the analysis involves a set of ill-conditioned 
equations, which in turn may produce misleading results. 

The force-fitting method developed by Khan and Sbarounis (21) 
does not induce ill-conditioning, since the iterative solution treats 
the stiff shear wall element separately from the rigid frames. Hence, 
this approach is utilized in the present analysis, so that the 
i1l-conditioning effect is eliminated. As mentioned in Section 2.4, 
Parikh's (26) elastic-plastic method of analysis makes more efficient 
use of computer storage capacity compared to other available methods. 
Hence, it was decided to combine the better features of the above 
two analyses (21,26), to develop an elastic-plastic analysis ‘for 
coupled shear wall-frame structures. The development of an analysis 
and design procedure must be based on experimental evidence. Until 
now, only one large-scale test on this type of structure has been 
reported (34). Hence, a test program was initiated in order to in- 
vestigate those aspects of behavior for which analytical techniques 


are inadequate. 
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(b) GOULD'S MODEL 


FIG. 2.1 SIMPLIFIED MODELS FOR SHEAR WALL STRUCTURES 
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FIG. 2.2 KHAN'S MODEL 


FIG. 2.3 CENTRAL PORTION OF A TWO-STORY UNIT 
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CHAPTER III 
ANALYTICAL MODEL AND METHOD OF ANALYSIS 


3.1 Introduction 

The basic approach to the analysis in this dissertation 
follows from the review in Chapter II. For a large structure, an 
elastic-plastic analysis results in an excessive number of comput- 
ations. One way to simplify the analysis is to replace the actual 
structure by a substitute structural model. This technique has been 
used by several authors (35-37) to analyze planar multi-story frames. 

In the present dissertation, an analytical model, similar 
to that used by Khan and Sbarounis (21), has been developed to re- 
present the actual structure. The model is then subjected to a 
second-order elastic-plastic analysis. The lumping of the actual 
structure into the model is described in the initial part of this 
chapter. The assumptions in the analysis are then discussed and the 


method of analysis is presented. 


3.2 Analytical Model 


The actual coupled shear wall-frame building is lumped into 
the analytical model shown in Fig. 3.1. The model is analyzed to 
determine forces and deformations under the loads that would be ap- 


plied to the actual structure. The analytical model consists of the 
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Frame System and the Shear Wall System. In Fig. 3.1, the beam b.f. 
represent beams in the actual structure which span between two adja- 
cent columns; the beam b We represents the beams in the actual 
structure linking the shear wall to ae columns. The subscript i 
denotes the floor level; the numbering system starts at the base of 
the structure. The equivalent column in each story of the analytical 
model is assigned a strength and stiffness equal to the sum of the 
strengths and stiffnesses of all the columns in a particular story 
of the actual structure. In the model, the shear wall system has a 
Strength and stiffness which is equal to the sum of the strengths and 
stiffnesses of the individual walls. 

In the analysis of the model, joints b. and f. are subjected 
to equal rotations in order to simulate the deformed shape of the beam 
in the actual structure. For the beam b.f., the following relations 


are satisfied at each floor: 


where KE eq? MPE are the stiffness and plastic moment capacity of 


bfi 
the beams spanning between the column and the roller support and 


K and MP ; are the stiffness and plastic moment capacity of the 


bfi bf 
individual beams in the actual structure. For the beam w.b., the 
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following relations are satisfied at each floor: 


where KE bj and MPE 14 are the stiffness and plastic moment capacity 
of the beam connecting the column to the shear wall and K bi and 


MP are the stiffness and plastic moment capacity of the individual 


wbi 
beams in the actual structure. If necessary, the rotational springs 
at the wall and column bases can be adjusted to simulate the flexi- 
bility of the foundation. 

Coupled shear wall-frame structures may have bents con- 
Sisting of various combinations of shear walls and frames. The plan 
view of a building with two exterior shear walls and seven interior 
frame bents is shown in Fig. 3.2. Assuming the floor diaphragms to 
be rigid, this building can be simplified to the system shown in 
Fig. 3.3. It is assumed that the floor diaphragms do not offer 
rotational restraint to the shear wall. In Fig. 3.3, Ko and K. are 
the stiffnesses (EI/L) and Moc and Mo are the plastic moment capacities 
of each individual column (reduced for axial load) and beam respectively 
in a particular story of the building. The analytical model represent- 
ing the building is shown in Fig. 3.4 with the members having the 


strenaths and stiffnesses as given by Equations (3.1) to (3.4). 
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3.3 Uniformly Distributed Loads 


The beams in the analytical model are not subjected to 
transverse loads. Hence the hinging pattern in the model does not 
directly correspond to that in the actual structure. For example, 
if uniformly distributed loads acted on the beams, plastic hinges 
would form earlier than predicted by the model, at the leeward end 
of the member. On the other hand, plastic hinges would form later 
than predicted at the windward end.or in the interior of the beam. Alth- 
ough these two effects should be compensating to some extent, the approxi- 
mate method would tend to overestimate the ultimate load by ignoring the add- 
jtional flexibility(and resulting secondary moments) of the actual structure 
caused by the earlier hinge formation in the leeward side of the beam. 

In order to simulate the influence of the uniformly dis- 
tributed loads, the plastic moment capacities of the beam in the analyti- 
cal model are reduced (34) . In Fig. 3.5, a, the reduction factor 
is plotted versus WL? 7M, where w represents the uniformly distri- 
buted load and Mo is the plastic moment capacity of the beam. The 
lower solid line represents the condition corresponding to a single 
hinge at the leeward end of the beam. On further increase in the 
wind moment, a second hinge will form either at the windward end or 
between the ends of the beam and is represented by the dashed curve 
in Fig. 3.5. If the value of o is taken corresponding to the single 
hinge configuration, the results obtained by the analysis of the 


lumped frame will be too conservative since the second hinge is forced 
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to form at the first hinging load. On the other hand, if the dashed 
curve is used, the result will be unconservative since the first 
hinging load is increased. The reduction factor used in the analysis 
has been taken as the mean curve, shown by the broken line in Fig. 
3.5. Several structures have been analyzed (34) using the above 
modification. The ultimate load carrying capacity given by the 

model corresponds closely to that obtained from an analysis of the 


actual structure. 


3.4 Assumptions in the Analysis 


In the present analysis, it is assumed that the behavior 
of a shear wall-rigid frame building can be represented by the 
analytical model described in the previous sections. Each floor of 
the building is assumed to form a diaphragm of infinite rigidity. 
Torsional effects, due to asymmetry of load or structural layout, 
have not been considered. 

In the analysis of the model, it is assumed that lateral- 
buckling, lateral-torsional buckling and local buckling of the members 
are prevented. The effects of axial shortening and shear deformation 
of the members and the effect of axial load on the stiffness of the 
columns have been neglected. It is assumed that idealized plastic 
hinges will form only at the ends of the members. 

The individual members are assumed to have elastic-plastic 
moment-curvature (M-¢) relationships as shown in Fig. 3.6. In this 


figure, Moc is the plastic moment capacity of the member, reduced for 
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axial load (in the columns) while 0c represents the curvature cor- 
responding to Moc? assuming ideally elastic behavior. The moment- 
curvature relationship for the shear wall is shown in Fig. 3.7. The 
relationship is formulated in a piecewise linear fashion by specifying 
moment and curvature co-ordinates. The moment, M, is non-dimensionalized 
as M/Miit and the curvature, o, is non-dimensionalized as /d 449 where 
oult 4 Muit/Ecl: 

For each vertical member, the value of Moc is read as input 
data and is based on an estimate of the axial loads in the members at 
the ultimate load condition. Thus the influence of changes in axial 
loads during the loading process is neglected; this is consistent with 
the development of the simplified model. If these changes do influence 
the behavior of the structure, bounds on the ultimate strength can be 
obtained by using the Moc values consistent with the different distri- 


butions of axial loads, and performing several analyses. 


3.5 Method of Analysis 


The loading is assumed to be applied statically. The structure 
is analyzed under constant vertical loads and monotonically increasing 
lateral loads, The basic solution procedure is shown schematically in 
Fig. 3.8. To analyze the model for a given lateral load level, the loads 
are first applied to the shear wall and the free deflected shape is com- 
puted as shown by the dashed curve in Fig. 3.8. The deflection at the 
ith level is abl) where the superscript represents the number of the 


iteration cycle. The frame is then forced into a corresponding configu- 
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ration and the negative shears developed are applied at each floor 
level to the shear wall. The relative deflection, ee) is computed 
as shown by the solid curve in Fig. 3.8. The frame is then forced into 
a new position characterized by a deflection nes) as shown by the 
broken line. The deflections a3) are functions of the deflections 


(1) 2 
Av and a. | ) 


and are computed by a forcing procedure (21). The 
negative shears in the frame are again computed and applied to the 
shear wall; the process is repeated until the total shears developed 
are in equilibrium with the applied lateral loads. 

The PA effect is included at each stage of the process. The 
secondary moments in each story are computed from a knowledge of the 
deflected shape and the vertical loads. The corresponding shears are 
then added to each floor level and the additional deflections computed. 
The process is continued until the deflected shapes converge. In order 
to obtain the complete load-deflection history of the structure up to 
the ultimate load, the lateral loads are increased and the above process 
is repeated. At each stage of loading, the inelastic action of the frame 
and the shear wall is accounted for by using the appropriate moment- 
curvature relationships in the computation of the deflection and resulting 
forces. 

The method of analysis is summarized in the following steps: 

(a) The vertical loads acting on the structure and the initial 
lateral loads are selected. 


(b) The lateral loads are applied to the shear wall. The de- 


formations of the shear wall are computed by applying moment-area principles. 
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The corresponding rotations, lateral displacements and vertical 


G1) a) 
; and OW4 as shown 


displacements are represented by Gexld 3 Ava 


in Fig. 3.9. The initial subscript w refers to the shear wall, while 
i is the floor under consideration and the superscript represents the 
initial iteration cycle. 

(c) The frame system is then forced into the deflected 
Shape of the shear wall as shown in Fig. 3.10. Moment-equilibrium 
equations, relating the joint rotation to the deformation of adjacent 
joints and the member properties, are generated using the slope-deflection 
equations. The detailed derivation of these equations are given in 
Appendix A. The solution of this set of simultaneous equations by the 
Gauss-Seidel Iteration Technique yields the joint rotations; from these 
the moments and shears are computed. The forces developed by the frame 
at level i of the shear wall are shown schematically in Fig. 3.11 where 
Fes R bi? Mibi represent the axial force in the beam, and the vertical 
shear and moment at the junction, respectively. The subscript, wb, 
refers to the beam spanning between the column and wall. 

(d) The net out-of-balance forces are applied to the wall and 
(2) (2) 


the resulting deflections, Avs and vertical displa- 


>; rotations, O04 
cements , pecs are computed as described in Step (b). 

(e) In order to speed convergence, the frame is not forced 
into the deformation mode defined by regen etc. Instead the frame is 
forced into the position defined by the forced-convergence equations 
(B.1), (B.2) and (B.3) in Appendix B. Next steps (c) to (e) are repeated. 


For any cycle (after the initial cycle), the forcing equations (Baal )is 
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(B.2), and (B.3) are replaced by equations (B.4), (B.5), and (B.6), 
given in Appendix B. Convergence tests are performed at the end of 
Step (d) and must satisfy condition (B.7), for rotations, and (B.8) 
for deflections as given in Appendix B. 

(f) If the system has not converged as defined above, the 
Steps from (d) to (f) are repeated. 

(g) On the other hand, if the system has converged, the PA 
effect is included. The structure is reanalyzed under the applied 
lateral loads plus the increased story shears due to the PA effect. 
The derivation of the eddtorora! forces due to the PA effect is con- 
tained in Appendix C. 

(h) At the end of each load increment, the deflected shape 
of the structure is known as well as the distribution of forces and 
moments. The moments at the ends of the members are checked to see 
that plastic hinging has not occurred. If hinges have formed, the 
moment-equilibrium equations at each beam-to-column joint are modified. 
The revised equations for various hinge patterns are included in Appendix A. 
In order to determine the complete load-deflection curve for the structure, 


the lateral load is incremented and Steps (b) to (h) are repeated. 


A Fortran Program has been developed to perform the analysis. 
The nomenclatures and a printout of the program have been included in 
Appendix D. Using the computer program, several structures have been 
analyzed (34,38) and the results compared with those obtained by other 
methods. The lumping technique and the iteration solution produced 


results that compared closely with those reported in the literature (17,21,28). 
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FIG.3.1 ANALYTICAL MODEL 
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FIG. 3.6 MOMENT-CURVATURE RELATIONSHIP - FRAME MEMBERS 
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FIG. 3.7 MOMENT-CURVATURE RELATIONSHIP - SHEAR WALL 
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CHAPTER IV 
BEHAVIORAL STUDY OF A 24 STORY STRUCTURE 


4.1 Introduction 

A 24 story coupled shear wall-frame structure has been analyzed 
by the procedure described in the previous chapter. Different aspects 
of the behavior of the structure are discussed in this chapter. The 
plan view of the 24 story building is shown in Fig. 4.1. The building 
consists of four 24-ft. bays and one 30-ft. center bay in the long 
direction. It is assumed that each floor of the building acts as a 
diaphragm of infinite (in-plane) rigidity. The lateral load is ap- 
plied to the long side of the structure and resisted by the combined 
action of six frames and a single shear wall. A typical bent is 
shown in Fig. 4.2a. The bent has been designed plastically, assuming 
that diagonal bracing is present (39) in the 28-ft. bay. The member 
sizes (A36 steel) determined by the above procedure are listed in 


Table 4.1. 


4.2 Lumping of the 24 Story Building 
The 24 story building is lumped into the analytical model 


shown in Fig. 4.2b; the frame system is linked to the shear wall, since 
the flexural restraint offered to the wall through the slab is neg- 


lected. The span of the beam in the lumped model is 20-ft.; the aver- 
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age for the three spans of the bent in Fig. 4.2a. The stiffness of 
the column in the lumped model is the sum of the stiffnesses of all 
the columns in the story. The reduced plastic moment capacity of 
each column is calculated on the basis of axial loads given in 

Table 6.13 of Reference 39, adjusted to account for the plan area 
attributed to each column. The plastic moment capacity of the column 
in the lumped model is the sum of the reduced plastic moment capa- 
cities of the individual columns. The stiffness and strength of the 
rigidly framed beam is twice the sums of the stiffnesses and strengths 
of all the beams in the story, as given by Equations (3.1) and (3.2). 
As discussed in the previous chapter, the plastic moment capacity of 
the beam has been reduced to account for the presence of the uniformly 
distributed load. Table 4.2 lists the strengths and stiffnesses of 
the frame members of the lumped model. The factored vertical loads 

on the building, included in this table, have been taken from Table 
6.13 of Reference 39, and adjusted to account for the different plan 


areas of the bents. 


4.3 Comparison Between Approximate and Rigorous Methods of Analysis 


The structure has been analyzed by the rigorous method pre- 
sented in Reference 28 and also by the present approximate procedure. 
The results of the two analyses are compared for a structure having 
a K. value of 5, where i represents the ratio of the shear wal1l-to- 
column stiffness of the bottom story of the structure. The ratio of 


the ultimate moment capacity of the shear wall to the plastic moment 
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Capacity of the column, My is taken as 5. In order to analyze the 
building by the method of Reference 28, the building is lumped into 

a single frame linked to a shear wall as shown in Fig. 4.3. The six 
frames of the original building (Fig. 4.1) have been lumped into a 
Single bent, and linked to the shear wall. Since axial deformations 
of the beams are neglected in the analysis, this arrangement is equi- 
valent to enforcing equal lateral deflections on each of the frames 
and the shear wall, at each floor level. The stiffnesses and strengths 
of the members in the frame of Fig. 4.3 are six times those of the 
members in Table 4.1. The uniformly distributed load on the girders 
of the actual structure is given in Table 6.9 of Reference 39. For 
this comparison, the values of K. and M. are constant throughout the 
height of the building. The slope of the strain-hardening branch of 
the moment-curvature relationship for the shear wall in the approxi- 
mate analysis is 1 in 300. 

The responses of the structure as predicted by the two analyses 
are very similar. Both first and second order elastic-plastic analyses 
have been performed. Figure 4.4 plots the lateral force at the top of the 
structure, H , versus A/H,, the ratio of the top level deflection 
to the total height of the structure. In Fig. 4.4, the dashed curves 
represent the results of the lumped analysis, while the solid curves 
represent the results predicted by the rigorous analysis of Reference 
28. 

The two curves shown in Fig. 4.4a are predicted by a first-order 


elastic-plastic analysis. The uniformly distributed load was removed 


is aaitblls 8 hs nb) ae ening foo Sty 
oft? Seqmul et paibttud: ont 8S 990 rig fi Yo bose ot 
xe oft | 96.4 ugh nt nwore 26° ‘Tew seaile 6 of borne l. smn 
6 ont bagmut ase! even (1.8 BET) obra (fsate rr oi 
snotasinotsb Perxs sont2 .ftew este ant od ‘bauintt bre 


stupa et Siremdons'its aint zteysans ont ni petsotpain' e182 
_ emstt ald to ioBs no enoitoet tsb ietodet* Taupe ontototne 0 
addpnert2 bis esezontyite oT evat yoo!t dose th . Kisw sai 
any Fo szens eomid xte ois &.8 2A to anett ant ar redo 
ayabitp srit no bao! betudiytetb yttgtepics SAT he otis at per 
41 JRE sonetgteA to 2. afdeT nt Novig et sxpiouis 2 ew 2 t % 
Sty SuonQuoywdt. tn5t enos, a6 M bns qf Fo. 25h 6v. ond noarasiqoa att 
Te fonsid prtnebysd-nisys2 ont to aqola sit ‘prib ti <a 
“fiovqge ont nf flaw veede ott 0%’ chfenorssior erate -tedan at 
L00€ ni T argt (isis 9) 
opeyians owt end vd bad orbana 26° erusourse ait 0 2senoqest’ SAT 5 at 
zeeyl ons Sht2610 ‘Xitesls sbi bnosee. DNB yeyts asog citi er) 
snF to Got Sit ts soit [ssetel st atonq p. b ewer NPs VIOTNDG 

nottos! tet faval qat syi3 +0 rans ie ice y 

wevwy berlesh afd .b.2 .pi7 nl ssvuyaunse ett, %o | 


Beunio.bifoz ott, aTtdw zteviens beqaul ont 7: — a) snoeenge 
- soneston Yo ehevisns avotmely sith yd paeotong nina Sanat 


© 


7 on 

6 bototheny 918 sh.) .ptW nt 
wb10-22t xd q ‘2 1 eo at oi all 
Neila a6u bso! betudtvteth ytarvot tru ait ratay lens. die lidie sy 


40 


from the beams for the rigorous analysis in order to completely 
eliminate the PA effect. This structure is -a ‘weak beam- 
strong column' type and hence the hinges form mainly in the beams. 
The first hinge in the structure is detected at point ‘a' as shown 
in Fig. 4.4a, Up to point 'b', the approximate analysis predicts 
slightly higher load capacities than does the more rigorous solu- 
tion, the maximum difference in load being 3% in this region. Be- 
yond point ‘a', the approximate analysis detects more hinges in the 
structure than does the rigorous analysis and slightly underesti- 
mates the load beyond point 'b'. 

The structure continues to resist lateral load beyond 
point 'c', until wall hinging is predicted at a lateral load (H) of 
52.0 kips by both analyses. Finally, at a lateral load of 56.0 
kips, a mechanism condition is reached due to the formation of 
column hinges. 

In Fig.4.4b , the two curves represent the second- 
order elastic-plastic load-deformation relationships for the structure. 
The effect of the uniformly distributed load acting on the beams is 
included in the rigorous analysis and the moment capacities of the 
beams in the lumped model have been reduced to compensate for this 
effect. The analyses take into account the PA effect and the reduc- 
tion in the plastic moment capacities of the column due to the pre- 
sence of the axial loads. 


The approximate analysis predicts the first hinge at the 
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9th level beam at point 'd' as shown in the lower dashed curve in 
Fig. 4.4. The strength of the structure is overestimated up to 
point 'e' and the difference in response in this region, (between 
the two analyses) is larger than that shown by the upper two curves. 
This is due to the formation of plastic hinges in the center span 

of the unlumped model; the actual structure accordingly deteriorates 
more rapidly because of the additional PA effect. The approximate 


analysis underestimates the ultimate load by about 7%. 


4.4 The PA Effect 

The effect of the PA moments on the response of the 24 
story structure is demonstrated in Fig. 4.5 using the approximate 
analysis. Two structures have been analyzed with K. ratios of 50 
and 500. The value of K. in this case corresponds to the bottom 
story of the structure. Since the wall is continued throughout the 
height of the structure, the value of K. is increased toward the top. 
The value of My. is 5 in the bottom story of the structure and the 
same ultimate moment capacity is continued throughout the complete 
height of the wall. 

In Fig. 4.5, the top level lateral force, H, has been plotted 
versus the top story sway rotation, op. The solid curves represent the 
second-order elastic-plastic analysis of the structure; the dashed 
curves represent the response, neglecting the effects of PA moments. 
The structure having K. equal to 50, showed a reduction of about 32% 


in its ultimate load capacity due to PA effect. The first hinge in the 
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structure forms in the frame at the stages indicated by the solid 
circles, while wall hinging is initiated at stages indicated by the 
open circles. In the structure having K. equal to 500, the PA effect 
Caused a 28% reduction of the ui timates load The stiff shear wall 

in this structure attracts a larger proportion of the bending moment 
and hence the first hinge forms in the shear wall, as shown by the 
reversed positions of the solid and open circles. The PA effect 
caused significant reduction in the ultimate load-carrying capacity 

of these structures. In this case, the structure with K. value of 500 


suffered a smaller reduction in ultimate load-carrying capacity. 


4.5 The Effect of Variation of Wall-to-Column Stiffness Ratio 

The effect of a variation in the ratio of wall-to-column 
stiffness, Kee is shown in Fig. 4.6. The graph plots the top level 
lateral force, H, versus the top story sway rotation, op. The re- 
sponse of structures having Sp ratios of 50, 100, 500, 1000, 3000 
and 10,000 have been plotted in Fig. 4.6. For all structures, the 
ratio of wall-to-column moment capacity, Mao has been held constant 
at 5. The solid circles indicate the loading stage at which the 
first hinge occurs in the frame, while the open circles represent 
the initiation of hinging in the shear wall. 

In structures having K. ratios of 50 and 100, hinging occurs 
in the frame system before inelastic action in the shear wall. The 
structure undergoes large inelastic deformations with a gradual deteri- 


Oration in stiffness. Once hinging is initiated in the wall, the 
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structure approaches a mechanism condition. The difference between 
the loads corresponding to hinging in the shear wall and in the 
frame, decreases with an increase in the K. value of the structure. 
This behavior changes at a K. value of approximately 160. 
In this case, hinging in the frame and inelastic action in the shear 
wall begin simultaneously. Hence, for structures having K. values 
of 500, 1000, 3000 and 10,000 inelastic action occurs in the shear wall be- 
fore the first plastic hinge forms in the frame system, as indicated 
in Fig. 4.6. The deterioration in stiffness is more rapid for de- 
formations beyond this stage. For the 24 story structure, the ulti- 
mate load-carrying capacity increased with the increase in the stiff- 


ness of the shear wall. 


The moment distributions over the shear wall for structures 
having K. ratios of 50, 500 and 1000, are shown in Fig. 4.7. The 
story number, N, is plotted versus the bending moment, M, in Fig. 4.7. 
The plot corresponds to a top story sway rotation of approximately 
0.0003 for each of the structures. The point of contraflexure in 
the wall moves towards the top and the shear wall attracts greater 
bending moments, as the K. ratio increases. 

In most practical structures the ratio of the wall-to-column 
moment capacities, Mis will increase with an increase in the stiff- 
ness ratio Ka The solid curves in Fig. 4.8 are the load-deformation 


curves for structures having K. values of 50, 500, 3000 and 10,000 
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and M. values of 5, 10, 20, 30 respectively. Figure 4.8 is a plot 

of the top level lateral force, H, versus the top story sway rotation, 
op. As before, the solid and open circles represent the initiation of 
hinging in the frame and wall rasneceivalli: An increase in the value 
of M. did not essentially change the behavior of these structures. 
For the structures with Se ratios of 500, 3000 and 10,000, the shear 
wall initiated the inelastic action of the structure and hinges in 
the beams of the frame system developed at a later stage. Hence this 
behavior is similar to the behavior of the corresponding structures 
discussed with reference to Fig. 4.6. However, the ultimate load- 
carrying capacity of the structure with a constant value of K. in- 
creased significantly with the increase in the value of Mes In 

order to illustrate this increase the response of the structure with 
a Ks value of 3000 and an M. value of 5 has been replotted as the 
broken curve in Fig. 4.8. The ultimate load-carrying capacity of 
this structure is increased by approximately three times, due to 

an increase in ue fromes sto 20% 

In many cases, the ultimate load-carrying capacity of the 
structure was marked by hinging in the shear wall in the lower 
part of the structure. It may be economical to strengthen only the 
bottom part of the shear wall. The dashed curve in Fig. 4.8 is the 
response of the structure having K. equal to 500. The bottom four 
stories of the shear wall have a constant moment of inertia corres- 


ponding to an M, ratio of 10, while the rest of the stories have a 
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constant moment of inertia corresponding to an M. ratio of 5. The 
ultimate load is increased by approximately 50% in this case com- 


pared to the structure with a uniform My rabeo rot s5: 


4.6 Shear Distribution in the Structure 

In the lower stories of a coupled shear wall-frame structure, 
the applied lateral forces are resisted almost entirely by the shear wall. 
However, in the top stories,the frames are forced over by the rotations of the 
much stiffer wall elements and must resist shears that are many times 
greater than those due to the applied loads. The distribution of re- 
Sisting shears in the various stories is dependent on the relative 
strength and stiffness of the shear walls and frames. 

The distribution of shear for the lower portion of a 
Structure having K. equal to 50 and Mt equal to 5, is shown in Fig. 
4.9. In this figure, the shear at a particular story, V, has been 
plotted versus p, the sway rotation of the story considered. Figure 
4.9a represents the shear distribution for the bottom story, while 
Fig. 4.9b represents the distribution for the second story. The 
frame carries approximately 5% of the total shear in the bottom story, 
at point 'a', where the first hinge forms in the frame. However, 
the above percentage increases as the inelastic action progresses 
and finally at the ultimate load, the frame resists approximately 7% 
of the total shear in the bottom story. The shear distribution of the 
second-story is similar, although the second story sway rotations 


are much larger than bottom story sway rotations. Approximately 13% 
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of the total second story shear is carried by the frame at point 'b' 
where the inelastic action is initiated in the frame. This increases 
to 18% at the ultimate load stage. Thus, the relative shear resisted 
by the frame increases for the niger stort ae! 

The shear distribution in the upper portion of the structure 
is shown in Fig. 4.10. This figure is a plot of the shear force, V, 
versus the sway rotation, o. The shear distribution for the top 
story is shown in Fig. 4.10a, while the distribution for the 20th 
story is shown in Fig. 4.10b. In the top story, the shear wall develops 
negative shears due to the ‘whipping action', which is characteristic 
of a coupled shear wall-frame structure. In order to maintain equili- 
brium,the frame system develops shears at the top story, which are 
approximately nine times the applied shears at point 'a'. The per- 
centage of total shear resisted by the frame increases, until hinges 
form in the top story beams. At this stage, the frame system is 
unable to resist the additional shears and hence the extra applied 
shear is carried by the shear wall. The ‘whipping action' is much 
smaller in the 20th story as shown in Fig. 4.10b and in fact the wall 
Shear actually reverses in sense during the progress of loading. 

In summary, two types of behavior exist in a coupled shear 
wall-frame structure. The columns in the bottom stories of a tal] 
structure are subjected to high axial loads. These columns may be 
forced to deform inelastically through a significant range before the 


structure is able to attain its ultimate load. In the top stories, 
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the shear resisted by the frame is much higher than the applied 
Shear. This action leads to early hinging in the frame and corres- 


ponding reductions in stiffness and strength. 


4.7 Design Method 


A plastic design method (40) for structures consisting of 
coupled steel frames and reinforced concrete shear walls has been 
developed on the basis of the method of analysis described in Chapter 
III combined with the subassemblage method for unbraced frames (27,39). 
The three steps involved in the design procedure are described below: 

(a) The structure is designed for gravity load using a load 
factor of 1.70. It is assumed here that the shear walls have a 
certain minimum stiffness so that the capacities of the columns are 
not reduced by sway effects. Preliminary member sizes are determined 
from this design. 

(b) The entire structure is then lumped into the analytical 
model shown in Fig. 3.1. The model is analyzed by the method described 
in Chapter III. The analysis includes the effects of hinging in the 
frame, inelastic action in the wall and the PA effect. 

The ultimate load obtained from the above analysis must 
be greater than the factored load (load factor = 1.30). However, 
if the above condition is not satisfied, the strengths and stiff- 
nesses of the member elements of the structure are modified. In 
addition, the structure must meet the prescribed limits on working 


load deflections. 
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(c) The steel rigid frames should be able to resist that 
portion of the shear assigned to them from the analysis in Step (b). 
The sway subassemblage technique (27,39) has been applied to deter- 
mine the lateral shear versus the May deformation behavior of parti- 
cular stories of the structure. 

A safe design of a story will result if the total resisting 
shear developed by the frame bents in Step (c) is greater than that 
assigned to it from Step (b). However, if the above condition is not 
met, the member sizes of the story are revised until satisfactory. 

The 24 story structure analyzed in this chapter, has been 


designed by the above procedure. The details are given in Appendix E. 
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TABLE 4.1 MEMBER SIZES OF A TYPICAL BENT OF THE 24 STORY STRUCTURE 


LS 


Story or 
ElooPl No. Col. A . Coal. B Col. C Col..D . Beam AB’ Beam. BCLeBeam CD 


] 14WF314 14WF314 14WF398 14WF398 J14WF34 12B16.5 20165.4 
2 14WF314 J4WF314 14WF398 14WF398 I14WF34 12B16.5 20165.4 
3 T4WF287 14WF287 14WF370 14WF370 14WF34 12B16.5 20165.4 
& 14WF287 14WF287 14WF370 14WF370 14WF34 12B16.5 20165.4 
5 14WF264 14WF264 14WF314 14WF342 14WF34 12B16.5 18WF60 
6 14WF264 14WF264 14WF314 14WF342 I4WF34 12B16.5 18WF60 
7 J4WF228 14WF228 14WF287 14WF287 14WF34 12B16.5 18WF60 
8 14WF228 14WF228 14WF287 14WF287 14WF34 12B16.5 18WF60 
9 T4WF202 J4WF202 14WF246 14WF246 14WF34 12B16.5 18WF55 
10 14WF202 14WF202 14WF246 14WF246 14WF34 8 12B16.5 18WF55 
11 14WF176 14WF176 =14WF219 14WF219 14WF34 12B16.5 18WF55 
2 14WF176 14WF176 I4WF219 14WF219 14WF34 12B16.5 18WF55 
13 14WF150 14WF142 14WF184 14WF193 14WF34 12B16.5 18WF55 
14 14WF150 14WF142 14WFI85 14WF193 14WF34 12B16.5 18WF55 
15 14WF127 14WF127 14WF158 J4WFI158 14WF34 12B16.5 18WF55 
16 14WF127  14WF127 =J4WF158 14WF158 14WF34 12B16.5 18WF55 
17 T4WF111) 14WF111 14WF136 14WFI136 14WF34 8 §=12B16.5 18WF55 
18 14WF111 14WF111 14WF136 14WF136 14WF34 8 12B16.5 18WF55 
19 14WF78 14WF78 J4WF111 J4WF111 14WF34 = 12B16.5 18WF5d 
20 14WF78 14WF78 14WF111 14WF111 14WF34 #8 12B16.5 18WF55 
al 12WF58 12WF58 %12WF79 J12WF79 14WF34 12B16.5 18WF55 
22 12WF58 12WF58 12WF79 12WF79 14WF34 12B16.5 18WF55 
23 12WF40 12WF40 12WF58 12WF58 14WF34 12B16.5 18WF55 


12WF40 12WF40 12WF58 %12WF58 14826 12JR11.8 16WF45 
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TABLE 4.2 STRENGTHS AND STIFFNESSES OF THE FRAME 
MEMBERS IN THE LUMPED MODEL 


Story Moment of Inertia Plastic Mom. Capacity Vertical 
Floor (in!) (in kips) (Kips) 
Column Beam Column Beam 
] 124956 16195 382113 44580 52166 
Z 124956 16195 39758] 44580 49966 
3 112392 16195 350555 44580 47764 
4 112392 16195 364805 44580 45563 
5 95192 14601 310593 33880 43362 
6 95192 14601 321883 33880 41162 
i 82248 14601 255/765 33880 38956 
8 82248 14601 268630 33880 36760 
9 69216 13795 214140 28100 34560 
10 69216 13795 226851 28100 32358 
i 59376 13795 187249 28100 30156 
12 59376 W795 199368 28100 27956 
13 48816 13795 155138 28100 25756 
14 48816 13795 166651 28100 23554 
18 40176 13795 132878 28100 21352 
16 40176 13795 145461 28100 19150 
7. 34308 13795 i22i2Z7 28100 16950 
18 34308 13795 133857 28100 14750 
19 25404 1195 94290 28100 12548 
20 25404 13795 105857 28100 10348 
2] 13668 13795 63640 28100 8148 
22 13668 13795 79898 28100 5988 
23 9432 13795 53341 28100 3948 


24 9432 9392 59467 22140 1546 
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FIG. 4.9 SHEAR DISTRIBUTIONS IN THE LOWER PORTION OF THE 24 STORY STRUCTURE 
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FIG. 4.10 SHEAR DISTRIBUTIONS IN THE UPPER PORTION OF 


THE 24 STORY STRUCTURE 
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CHAPTER V 
TEST PROGRAM 


5.1 Introduction 

Behavioral studies of a typical coupled shear wall-frame 
Structure have isolated two distinct areas which require experimental 
investigation. Based on the discussion contained in the previous chapter, 
three test frames were designed. Frames A and B were designed to simulate 
the behavior of the bottom stories of a large structure while Frame C 
was designed to simulate the behavior of the top stories of the struct- 
ure. The models used are the simplest from the testing point of view, 
yet retain the elements of behavior characteristic of the larger struct- 


ure; no attempt was made to match the boundary and loading conditions. 


5.2 Test Frames 

A schematic diagram of a typical test specimen is shown 
in Fig. 5.1. The specimen consists of a single shear wall and 
column stack. Girders at four levels are rigidly connected to the 
columns and to plates set into the wall. The tops of the column 
and the wall are bolted to the laboratory floor. A typ- 
ical cross-section through the shear wall is shown in the inset 


to Fig. 5.1. The longitudinal reinforcement is designed to provide 
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the required strength and stiffness; the ties are selected from 
Shear considerations. 

The dimensions and the strengths and stiffnesses of the 
members used in the three test specimens are listed in Table 5.1. 
In Table 5.1, the moment of inertia, I, and the plastic moment 


capacities, Mo (girder), (reduced for axial load in the column), 


Moc 


or M (in the wall) are given for the members as well as the 


ult 
modulus of elasticity, Eo for the wall sections. For the girders 
and columns, the weak axis slenderness ratio, L/rs between points 
of lateral support, is also listed. The value of the axial load in 
the column is represented by Ce and that in the wall by Pie 

The structural steel test frames were fabricated of wide- 
flange shapes, large enough so that standard fabrication procedures 
could be employed. The shear walls were cast horizontally, cured 
for 28 days, then lifted into place. The erection of the shear 
wall is shown in Fig. 5.2. The steel frame was then erected adja- 
cent to the shear wall. The alignment of the test specimen was 
checked by transit and the steel frame clamped to the shear wal] 
and braced in position. The four beam-to-column joints and the 
column base plate connection were then welded. 

The beam-to-wall joints were designed to develop moments 
15% greater than the plastic moment capacities of the beams to 
allow for the possibility of strain-hardening. A sectional view of 


a typical beam-to-wall joint is shown in Fig. 5.3. The moment capacity 
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is developed by the force in the reinforcing bars, acting through 
the distance between the tension and compression bars, as shown in 
Fig. 5.3.The bars were plug welded to steel plates which were inset 
flush with the outer surfaces of the wala The beam face was butt- 
welded to one plate. 

The reinforcing bars were continued through the wall and 
butt-welded to a second plate set flush with the opposite face of 
the wall.The hydraulic jacks were attached to lugs in the second 
plate as shown in Fig. 5.3. The prefabricated assembly is shown 


in*Fig. 6.4. 


5.3 Material Properties 


The structural shapes used in the test program were of 
CSA-G40.12 steel, which is similar to ASTM-A36 but has a specified 
minimum yield stress of 44 ksi (41). The shapes used in the frames 
are the 4M13, 5WF18.9, and 5WF16 sections. All shapes were cold- 
straightened by rotarizing except for the 5WF16 section, which is 
used for the columns in Frame A. Measurements on the cross-sections 
were made with micrometers and vernier calipers. The dimensions were 
within 1% of the values given in the CISC Manual (42). Residual 
strains and material properties were measured on _ speci- 
mens cut from pieces taken from the same heats as the members used 
to fabricate the test frames. The results of the residual strain 
measurements and of the tensile tests are given in Appendix F. Com- 


pression and split tensile tests were performed on standard concrete 
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cylinders at the time of testing of the structure. The test results 
of the concrete cylinders are listed in Appendix F, as well as the 


results of tension tests on specimens of the reinforcing steel. 


5.4 Loading Sequence and Arrangement 


The test frames were subjected to non-proportional loading. 
The vertical loads were applied initially to the tops of the column 
and shear wall. These loads were maintained at constant values, 
while the lateral loads at each floor level were incremented. 

The loading arrangement is shown in Fig. 5.5. The vertical 
load was applied by hydraulic tension jacks and transmitted to 
the laboratory floor through gravity-load simulators, bolted to the 
floor. The hydraulic pressure in the ram was’ provided by an air- 
driven pump and regulated by adjustment of the air and hydraulic 
line pressures at the control panel. 

As shown in Fig. 5.5, a tie rod connects the top end of 
the tension jack to a cross beam. Strain gauges were mounted on each 
tie rod to act as load cells. The assemblies were calibrated so 
that the vertical loads could be determined. The cross beam framed 
into the distributing beam which spans between the top of the column 
and the shear wall. The proportion of the total vertical load ap- 
plied to the column or shear wall can be adjusted by varying the 
position of the cross beam. 

In testing frames subjected to both gravity and lateral 


loads, the line of action of the applied load must remain vertical 
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as the structure sways. For ordinary loading systems, restraining 
horizontal load components will develop if the jack is attached to 
a fixed support at one end and to the structure at the other end. 
The gravity-load simulator (43), eed this test program main- 
tained a vertical line of action for the hydraulic jacks. The 
tension jack and the gravity-load simulator, during the test, 

are shown in Fig. 5.6. 

The tests were performed by adjusting the hydraulic 
pressure in the horizontal jacks so that the structure deformed in 
a sidesway mode. The four horizontal jacks were controlled by a 
separate pump console which allowed the load in each jack to be 
adjusted indpendently. Each hydraulic jack is of 20 kip capacity 
with a 20 inch stroke. The arrangement of the horizontal jack 
with the accompanying dynamometer is shown in Fig. 5.7a. One end 
of the jack is connected to the shear wall and the reaction is 
taken by the auxiliary supporting structure at the other end. A 
precalibrated load-cell is attached to the piston of the jack as 
shown in the figure. Figure 5.7b is a section through the load- 
cell shaft showing the strain gauge arrangement. The electrical 
connection diagram is shown in Fig. 5.7c. In the above figures, 
gauges 1 and 4 are attached in the direction of load while gauges 


2 and 3 are placed transversely. 


25 Test Setup 
An overall view of the test setup is shown in Fig. 5.8 


where the whitewashed steel frame is seen connected to the reinforced 
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shear wall. The tension jack, gravity-load simulator, tie rod and 
the distributing beam can also be seen in this photograph. Figure 
5.9 shows a side view of the test setup. The specimen is centrally 
located between two auxiliary frames. sonaetonns are placed in 
alternate levels to facilitate the testing operation. The articu- 
lated lateral bracing mechanisms span between the specimen and the 
auxiliary frames. The rotation meters, for measuring member end 


rotations, can be seen hanging at each joint. 


5.6 Lateral Bracing System 


The purpose of the lateral bracing system is to prevent 
out-of-plane movement of the specimen. The lateral bracing system, 
used in this test program, is based on Watt's straight-line mechanism (44), 
and prevents out-of-plane movement at the braced points while allowing 
the specimen to deform in its own plane. 

The lateral bracing points in the specimen, for Frames A 
and C, are shown in Fig. 5.10. However, for Frame B, the mid-height 
brace in each column was omitted. The unbraced slenderness ratios 
for Frames A and C are well within the limits of plastically designed 
structures, however, the column slenderness ratio, L/T)» was 64 for 


Frame B ; the accepted limit is 54 (45). 


5.7 Instrumentation 
The test specimens were instrumented to determine the axial 


forces, bending moments, shear forces, deflections and rotations at 
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various locations. The voltage readings from the various input devices 
were directly read on a seven-track tape in the DYMEC DATA ACQUISITION 
SYSTEM which is shown in Fig. 5.11. 

For each member in the steel frame, strain readings are 
taken on two cross-sections as shown in Fig. 5.12. In order to 
minimize errors arising from any twisting action, four SR-4 strain 
gauges were mounted at each cross-section of the steel frame as 
shown in the inset to Fig. 5.12. The strains at these cross-sections 
remained within the elastic range during the test; thus the axial 
force and the bending moment at the strain gauge locations can be 
determined. Since the deflections at these location are also me- 
asured for the columns, the secondary moments can be determined and 
the end moments acting on the column segments can be estimated. 

The shear wall is also instrumented with SR-4 gauges as 
shown in Fig. 5.13 where the short vertical lines represent the 
locations of the SR-4 strain gauges. The gauges are placed on 
either side of the beam connections. Figure 5.14 shows a shear 
wall joint before casting with eight strain gauges in place on the 
reinforcement. The strain values are read into a computer program 
together with the material characteristics of the concrete and the 
reinforcing steel to determine the axial force and bending moment 
at each gauged section. 

The rotations of members were measured adjacent to each 


joint. In Fig. 5.15, the twenty-three locations are shown, at 
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which rotations were measured. The top  beam-to-column joint with 
the adjacent rotation meters is shown in Fig. 5.16. The figure also 
Shows the arrangement of the transducers, lateral bracing and the 
roller supporting the distributing beam at this joint. The rota- 
tion meter consists of a thin strip of metal from which a weight 

is suspended (43) as shown in Fig. 5.17. The bending strains in- 
duced in the strip. of metal are recorded and used as a measure of 
the rotation. The rotation meters were calibrated in order to 
determine the relationship between the voltage and rotation. 

A typical detail of the column base is shown in Fig. 5.18. 
Rotation of the column and wall base plates were measured to predict 
the degree of fixity at the base. This was subsequently incorporated 
into the analysis of the structure. 

The lateral deflections of the column and the axial short- 
ening of the column and wall were measured by displacement transducers 
(7DC DT). The lateral deflections were measured at each beam-to- 
column joint and at the quarter points of each column. In addition, 
pairs of dial gauges were used to measure the lateral deformation of 
the flange tips at mid-height of each column, todetermine the twisting 
motion of these points. Figure 5.19 shows schematically the location 
of transducers and dial gauges. The transducers and dial gauges were 
attached to a free standing column at one end and attached to the 


column of the test frame at the other end. 
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TYPICAL TEST SPECIMEN 


FIGs 521 
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FIG. 5.2 SHEAR WALL ERECTION 
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FIG. 5.3 TYPICAL BEAM-TO-WALL JOINT 


FIG. 5.4 PREFABRICATED ASSEMBLY 
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FIG. 5.5 LOADING ARRANGEMENT 
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FIG. 5.6 GRAVITY-LOAD SIMULATOR 
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CHAPTER VI 
TES RESUETS 


6.1 Introduction 

The results of tests on three coupled shear wall-frame 
Specimens are reported in this chapter. The frames were subjected 
to non-proportional loading; the vertical loads were applied initially 
and held constant, while the horizontal loads were gradually increased. 
In the elastic range, the test was performed by incrementing the 
horizontal loads, however, the lateral deflection of the top story 
was used as a reference value as the structure was deformed in the 
inelastic range. After each load increment, voltage readings from 
the strain gauges, dynamometers and rotation meters were recorded 
on a seven-track tape and the extent of yielding of the steel members 


was sketched along with the cracking patterns in the shear wall. 


6.2 Test Results - Frame A 
This frame was designed to simulate the behavior of the bottom 
portion of a tall building. Lateral bracing mechanisms were attached at 


each beam-to-column joint and at mid-height of each column length. The 
columns of the frame were subjected to high axial loads as expected 
in the bottom stories of a tall structure. 


The base plates of the column and shear wall were bolted 
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to the laboratory floor and the base plate rotations were observed 
during the test. Figure 6.1 is a plot of the column base moment, 
Mb versus the rotation of the column base plate, Ob The solid 
circles with the adjacent numbers, debieeens Stages during the test 
at which data was recorded. The moment-rotation curve, approximated 
by the three dashed lines shown in Fig. 6.1, has been incorporated 
into the theoretical analysis. Similarly, the moment-rotation re- 
lationship for the shear wall base has been approximated by two 
straight lines and incorporated in the analysis. 

The horizontal load, H, versus the top level sway deflec- 
tion, A, is plotted in Fig. 6.2. The experimental results are shown 
by full lines joining the solid circles. The numbers adjacent to 
each circle represent stages at which data was recorded. The dashed 
curve represents the response of the frame predicted by a second- 
order elastic-plastic analysis, while the broken curve represents 
the predicted behavior neglecting the PA effect. This system of 
identification is also used in the subsequent figures unless mentioned 
otherwise. 

The total vertical load applied to Frame A was 197 kips. 
This load was applied in four increments with total loads of 120 kips, 
168 kips and 178 kips. The application of vertical load did not 
cause yielding in the structure. The horizontal loads were then in- 
cremented, while the vertical load was maintained constant; the maxi- 


mum variation in the vertical load was 3% during the testing period. 


a . | Sree ye), (oe nty 
Bere. eas: | 


c Le -' 4 


ie an 
i] » ad \ 
i ‘ 7 d 


ot ngmom send nmiloo ‘alt to Sola) a 


bifoe sft  (@ «Bd6lg 2c tail 
teat ond pntyub aspste Jnszovgsy ered. nee ¢ 
betemrxorques . SBVWD Noi tiafor -Snamon. sat a1 
baderogioont need esd .f.0 OFF nr wore: eat ahead 
“ey notisto1-tramomn ent. adiiet imi : es teat 
ows yc batsmixorqae’ naed 26a gesd Taw vente at vot air 
.ereyl sas oad af pancieear 
| “ast tes yawe favet gos ang 2vetsv .- bsot Fsdno anf 
pwade oy6 2t[y294 Fstnomi1eqxs SAT” 3 3 ate ar D: . olq 
| od gnaoegbs evsdmun oiT see bi foe art pn 28 

bertzsb eAT .bebyoosy 26W van Aor a 

| “bnodse 6 yd bot Tibag INT SAT to erodes ot @ 
. ataseargsy sviuo nedord snd al taWes ateyisne m set 
Wo matzye 2tdT ,toatte At edd en idaatyatt ne 


| banat egoltn 2stup Tt eee sa iwi 


aie to abso! heto3 tet a im zion y aor ni. batten; Lf 
e oa err = a os bs 
7 _ fos bib beol tsoidiey 0 fot eat hgas 'snT 
WTR, Wai a2 sien ”" ey 


; pr 

oat ail arr3h) absof fadngs trod at Pear yore nid 0 | 2 
=txeim- ont senstedoa vantedatom eo W sd i Teotinev sad ~ aa 
: b i ¢ Qatsess anit, ait RE 2 be 


82 


The horizontal loads were incremented in a proportional manner. 
Equal loads were applied at all floor levels. 

At load No. 9, yielding was observed at two locations in 
the column, as shown in the observed hinge configuration in the 
inset to Fig. 6.2. In this case, the solid circles represent the 
locations of the observed hinges and the adjacent numbers correspond 
to the stages at which yielding was first observed. Yielding in 
the column occurred almost entirely in the compression flange due to 
the cumulative strains induced by the axial loads and bending moments. 
Up to Load No. 10, the horizontal load increments were used to con- 
trol the progress of the test. Beyond this load, the test was per- 
formed by regulating the top level sway deflections. At Load No. 

13, the structure reached its maximum strength; beyond this point 
the deformations were accompanied by decreases in lateral load. 

The structure was unloaded at Load No. 15 and the test 
terminated. The structure was later subjected to static cyclic re- 
versals of load. The response of the structure under cyclic loading 
is beyond the scope of this dissertation. 

Strains were measured at two cross-sections in each member 
of the steel frame. These sections remained elastic during the test. 
The axial loads and bending moments in the members were computed from 
the strain distribution across the cross-section. The bending moment 
diagrams at Load Nos. 9 and 13 are shown in Fig. 6.3. The solid 


lines represent the experimentally obtained bending moment diagrams, 
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plotted on the tension side of the member, and the dashed lines re- 
present those obtained from a second-order elastic-plastic analysis. 
The numbers in the figure are the moments in inch kips, computed 
from strain gauge readings. 

Figure 6.3a is the bending moment diagram at Load No. 9, 
where first yielding was observed in the structure. At this point, 
yielding was observed in the compression flange at the base of the 
bottom story column and the top of the fourth story column. The 
column base moment at this load is lower than the plastic moment 
capacity of the member; and at this stage the yield lines had not 
completely penetrated through the cross-section. The moment distri- 
bution at the ultimate load (Load No. 13) is shown in Fig. 6.3b. 

At this point, all the hinges shown in the inset to Fig. 6.2 have 
formed. 

The actual position of the hinging region in the second 
level beam-to-column joint for Frame A is shown in Fig. 6.4. At 
this joint, the beam hinge formed first and hence extensive yielding 
did not occur in the column. The compression flange yielded at 
Load No. 12. The hinge locations have shifted away from the stiff 
strong connection area and, as the structure deforms further, will 
spread along the beam. The yielding in the compression flange ex- 
tended approximately 8 inches from the face of the column flange 
with more severe yielding on one side of the flange. At other beam 


hinge locations, yielding was fairly uniform across the flange width. 
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At the hinge locations, the members rotated inelastically 
without observed local or lateral deformations. The lateral load, 
H, versus the top story column end rotation, 6, is plotted in Fig. 
6.5. The solid circles are the experimental points and the numbers 
adjacent to the solid circles are the load numbers corresponding to 
Fig. 6.2. The dashed curve is obtained from a second-order elastic- 
plastic analysis. The extent of yielding in the compression flange 
of the column at the fourth level beam-to-column joint is shown in 
Fig. 6.6. At Load No. 9, the whitewash flaked off in a diagonal 
line as shown in the figure. Beyond this point, the yielded zone 
extended along the length of the column as the structure deformed 
laterally; the final length of the hinging region was approximately 
9 inches. The second hinge, which formed at the same load, occurred 
at the base of the column, as shown in Fig. 6.7. As before, ex- 
tensive yielding occurred in the compression flange, although no 
yielding was observed in the tension flange. 

The application of lateral load causes a variation in 
the axial loads developed throughout the structure. The axial load 
distribution in the column stack is shown in Fig. 6.8. In this 
figure, the story number, N, has been plotted versus the axial load 
in the column, Poe The encircled numbers in the figure correspond 
to load numbers in Fig. 6.2. The axial loads are computed from the 
strain measurements at two locations in each column segment. In 
Fig. 6.8, the axial load in a story is the average of the axial loads 


at these two locations. The dashed line represents the reaction of 
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the distributing beam at the top of the colum. The solid lines 
represent the axial load distribution corresponding to Load Nos. 6, 
9 and 13. First yielding in the structure was observed at Load 
No. 9, while the ultimate load was attained at Load No. 13. The 
axial loads in the column varied considerably in all stories be- 
cause of the upward shear forces from the beams. The variation 
of axial load and its effect on the behavior of the structure will 
be discussed in the next chapter with reference to Fig. 6.8. 

The bending moment distributions in the shear wall at 
Load Nos. 9 and 13 are shown in Fig. 6.9. The solid lines represent 
the experimentally obtained bending moments, while the dashed lines 
represent the results of a second-order elastic-plastic analysis. 
Cracking occurred mainly in the bottom two stories of the wall. 
The high moment gradients in the bottom stories of the wall are 
typical for the lower stories of this type of structure. At Load 
No. 9, cracks were observed in the tension zone at the bottom story. 
As additional lateral load was applied, the neutral axis shifted 
towards the compressive edge of the wall and the cracks increased 
in length and width. Figure 6.10 shows the crack pattern in the 
lower half of the bottom story shear wall. The cracks are inclined 
due to the presence of relatively high horizontal shears in this 
region. The horizontal line, extending over the depth of the wall, 
is a shrinkage crack. The widest inclined crack starts about 6 inches 


above the base plate and the crack opening can be seen clearly in the 
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figure; the concrete spalled off in this region. The side view of 

the shear wall base at the end of the test is shown in Fig. 6.11. 
The front view of the test specimen at the end of the 

test is shown in Fig. 6.12. The structure exhibits a considerable 


amount of residual deformation. 


6.3 Test Results - Frame B 


The second test specimen was also designed to simulate the 
behavior of the bottom stories of a tall structure, but the lateral brace 


at mid-height of each column was not used. As in Frame A, the axial 


loads applied to the column stack were high. The moment-rotation 
relationships obtained for the bases of the column and shear wall 
were similar to those obtained for Frame A and the results have been 
incorporated in the analysis. In Fig. 6.13, the top level lateral 
load, H, versus the top level lateral deflection, A, has been plotted. 
The predicted and observed hinge patterns are shown in the inset to 
Fig. 6.13. Hinges formed primarily in the columns. 

The full vertical load in the structure was applied in 
three equal increments. As the last increment of vertical load was 
applied, the column stack yielded at scattered locations in the 
upper two stories. The frame, as fabricated, was out of plumb 
laterally by 1/4" between the top two girders; the axial load acting 
through this distance appeared to be responsible for yielding. This 
caused the top column length to bow out slightly before the lateral 


load was applied. 
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The yielding of the third level beam-to-column joint, 
under vertical load only, is shown in Fig. 6.14. Yielding at this 
location is probably caused by residual stresses due to fabrication 
of the joint. Figure 6.15 shows the typical yielding in the interior 
flange of the fourth story column stack. The yielding in this case 
is mainly influenced by the axial load and the resulting bowing 
of the column, as whitewash flaked off only on one side of the flange 
in the yielded region. 

Lateral loads were applied proportionally to the structure. 
At approximately Load No. 6, the connection at the third level 
beam-to-wall joint showed signs of slip. The structure was unloaded 
at Load No. 8 and the connection rewelded. The structure was then 
reloaded and behaved much as expected. Severe cracking occurred 
in the bottom story of the shear wall beyond Load No. 13. The crack 
pattern of the bottom story shear wall at Load No. 14 is shown in 
Fig. 6.16. The horizontal lines are initial shrinkage cracks. As 
before, inclined cracks are caused by the combined effects of the 
horizontal shear and bending moment. As the structure deformed 
slightly beyond Load No. 14, yielding spread along the top story 
column and the column buckled suddenly between points of lateral 
bracing. The test was terminated at this stage. 

The end view of the top two stories of the buckled specimen 
is shown in Fig. 6.17. Buckling in the top story occurred between 
the lateral bracing points at the top two floor levels. In the top 


story, the wide flange section yielded completely for three-quarters 
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of the column length. The deformation of the top story column is 
shown in Fig. 6.18. The figure shows the complete yielding of the 
cross-section. Extensive yielding occurred at other beam-to-column 
joints. Figure 6.19 shows the hinging at the third level beam-to- 
column joint at the end of the test. The plastic hinge at the base 


of the column is shown in Fig. 6.20. 


6.4 Test Results - Frame C 

This frame was designed to simulate the upper portion of 
a tall] structure. In this case, the shears imposed on the columns 
may be much greater than the applied shears and consequently the 
Shears in the wall are reversed. In order to simulate this action, 
the base of the shear wall was pinned mechanically in Frame C. The 
shear wall base detail is shown in Fig. 6.21. The load is transferred 
to the laboratory floor through a 2 inch diameter high strength steel 
pin. Friction is almost eliminated by bearings. The shear wall is 
cast with a plate at the bottom, to receive the longitudinal rein- 
forcement. The wall is erected and bolted to the top plate of the 
mechanical hinge as shown in the figure. The moment-rotation charac- 
teristic at the base was observed during the test and incorporated 
jin the analysis. The lateral bracing arrangement was similar to 
Frame A. 

Frame C was subjected to constant vertical loads and mono- 
tonically increasing lateral loads, as were the other two frames. 


However, the magnitude of the lateral load applied at the top level 
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was half of that in the other levels. The lateral load, H, versus 
the top level lateral deflection, A, is plotted in Fig. 6.22. The 
predicted and observed hinge patterns are shown in the inset to 
FIg.°6:22. 

The full vertical load was applied in two increments. 
Yielding did not occur at this stage. At Load No. 8, the first 
hinge was detected at the base of the column. Up to Load No. 9, 
the lateral load was incremented by monitoring the hydraulic 
pressure in the jacks. Beyond this point, the test was performed 
by limiting the top level sway. The ultimate load was reached at 
Load No. 17. The applied loads were reduced at this stage and the 
Specimen unloaded. 

At the end of the test, three hinges had formed in the 
columns and seven hinges in the beams as shown in the observed hinge 
configuration in the inset to Fig. 6.22. The plastic hinge in the 
top of the column at the fourth level beam-to-column joint is shown 
in Fig. 6.23. Yielding in the compression flange of the column was 
first observed at Load No. 13 and the length of the hinge had extended 
to approximately 12 inches at the end of the test. The hinging area 
in the third level beam at the beam-to-column joint is shown in Fig. 
6.24. Yielding extended about 12 inches from the face of the column 
at the end of the test. Although the hinges were subjected to con- 
siderable inelastic rotation, local or lateral buckling did not occur 
during the test. The extent of yielding at other hinge locations 


was Similar, but less severe. 
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The variation of the axial load over the column stack of 
Frame C is plotted in Fig. 6.25. In this figure, the story number, 
N, has been plotted versus the axial load in the column stack, Por 
The solid lines represent the axial load distribution corresponding 
to Load Nos. 2, 6, 10 and 17. At Load No. 2, full vertical load 
has been applied to the structure. The structure has swayed in the 
negative sense since the axial shortening of the column stack is 
greater than that of the shear wall. In general, the application 
of lateral load caused a reduction in the column load, since the 
column is located in the windward end of the specimen. The vari- 
ation of the axial load and its effect on the behavior of the 
structure will be discussed in the next chapter with reference to 
FAGee Onc. 

The shear distribution in the bottom story, throughout 
the test is shown in Fig. 6.26. In this figure, the shear, V, has 
been plotted against the top level sway deflection, A. In this case 
the shear wall carries the bulk of the applied shear. Similarly, 
the shear distribution at the top story of Frame C is shown in 
Fig. 6.27. This figure plots the top story shear, V, versus the 
top level sway deflection, A. In this case, the resisting shears 
developed by the column exceeded the applied shear force and the 
shear force in the wall acts to load the column. 

The attainment of ultimate load (Load No. 17) was marked 
by hinging in the columns and beams, but no appreciable damage to the 


wall. Figure 6.28 shows the overall view of Frame C after testing. 
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FIG. 6.8 AXIAL LOAD DISTRIBUTION IN THE COLUMN STACK - FRAME A 
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FIG. 6.10 CRACKING AT WALL BASE - FRAME A 
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FIG. 6.12 FRAME A AFTER’ TESTING 
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FIG. 6.25 AXIAL LOAD DISTRIBUTION IN THE COLUMN STACK - FRAME C 
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FIG. 6.28 FRAME C AFTER TESTING 
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CHAPTER VII 
DISCUSSION OF TEST RESULTS 


7.1 Introduction 

The results of tests on three coupled shear wall-frame test 
specimens have been presented in the previous chapter. The specimens 
were analyzed by a computer program based on the method of analysis 
described in Chapter III. This chapter compares the behavior of the 


test frames with the analytical predictions. 


7.2 Analytical Predictions 


The response of each test specimen has been predicted by 
a second-order inelastic analysis, which considers the in-plane be- 
havior of the structure. The effects of axial shortening and shear 
deformation of the members and the effect of axial load on the stiff- 
nesses of the columns have been neglected. The moment-curvature re- 
lationships for the steel members are assumed to be elastic-plastic 
and since the influence of the uniformly distributed loads on the 
beam hinging patterns has been neglected the idealized plastic 
hinges will form at the ends of the members only. A bilinear moment- 
curvature relationship has been assumed for the shear wall, the 
slope of the strain-hardening branch being 1 in 300. As in planar 


steel frames (30,31), it will be shown here that a second-order in- 
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elastic analysis reliably predicted the response of the coupled 
Shear wall -frame structures tested. 

The responses of the test specimens were initially pre- 
dicted by assuming the bases of the column and wall to be fixed. 
However, the bases rotated during the test as shown by the moment- 
rotation curve for the column base plotted in Fig. 6.1. The moment- 
rotation curves for the bases of the column and shear wall were 
approximated by straight lines and the computer program was modified 
to take the resulting flexibilities into account at the appropriate 
stages of loading. 

The analysis assumes that hinges form at the geometric 
centers of the joints. Since the joints of a rigid frame are stiffe 
and stronger than the adjacent members, the hinges are forced away 
from the joint areas (31,46). This effectively strengthens the 


member in which the hinge forms. Hence, the effect of the shifts 


Hs 


if 


in hinge locations is to increase the ultimate load of the structure. 


This increase in strength has been incorporated into the analysis by 
assuming the plastic moment capacity at the geometric center of the 
joint is increased as shown in Fig. 7.1 to a value, Ms 
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Make aaa es Gray 


where My is the plastic moment capacity of the section, and L is the 


center to center span of the member. This implies that a plastic 
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hinge will form in the member only when the plastic moment capacity 
has been achieved at a distance, d, equal to the depth of the member, 
from the joint center. 

Another assumption in the sadagsis is that the beam-to-wall 
joints are rigid. In fact, these joints have some flexibility and 
this effect has been included in the analysis by increasing the ef- 
fective lengths of the beams by an amount equal to half the beam 
depth (47). This modification slightly reduces the stiffness of 
the structure and hence the load-carrying capacity. In summary, 
the predicted responses include the PA effect, the base rotations, 
the shift of the plastic hinge locations and the beam-to-wall joint 


flexibilities. 


7.3 Discussion of Results - Frame A 

The response of Frame A is plotted in Fig. 6.2. The broken 
curve in the figure represents the predicted behavior neglecting 
the PA effect, while the dashed curve represents the predicted be- 
havior including this effect. The full lines joining the solid 
circles represent the test results. As shown in Fig. 6.2, the PA 
effect significantly influences the response of Frame A, reducing 
the predicted ultimate load by approximately 17%. 

The response predicted by the second-order inelastic analysis 
agrees closely with the observed response of Frame A as illustrated 
in Fig. 6.2. In the analysis, the base of the shear wall developed 


its ultimate moment capacity at approximately Load No. 1]. A mechanism 
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formed at Load No. 12; beyond this stage the load-deflection curve 
is essentially horizontal. For deflections beyond Load No. 12, the 
analysis underestimated the strength of the structure. The ulti- 
mate strength is 5% higher than predicted, possibly due to the in- 
fluence of strain-hardening. 

The predicted and observed hinge patterns for Frame A 
are shown in the inset to Fig. 6.2. The numbers adjacent to the 
open circles correspond to the Load Numbers at which the hinges 
formed (or were predicted). The first plastic hinge was predicted 
to form at the top of the fourth story column at Load No. 9; this 
corresponds to the observed behavior of the frame. As additional 
deformation is imposed, more hinges form in the girders and columns. 
Finally, the wall reaches its ultimate moment capacity at Load No. 
11. Although the detailed sequence of hinge formation, as predicted 
by the analysis, was not followed, the trends are very similar. 

The dashed curves in Fig. 6.3 represent the predicted 
bending moment diagrams for the frame members. The solid lines re- 
present the bending moment diagram computed from strain gauge readings. 
The correlation between the predicted and observed bending moments is 
within 3% in all cases. Generally, the beam moments are slightly over- 
estimated. The out of balance moments at the joints are within 5% of the 
beam moments, for all cases. The bending moment diagram at the ultimate 
load is shown in Fig. 6.3b; the theoratical predictions correspond to the 
observed sway deflection at Load No. 13. At this stage the theory under- 


estimates the actual hinge moments, since it neglects the influence of 


strain-hardening. 
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The member ends at plastic hinge locations rotated signi- 
ficantly (without any evident local buckling) as shown in the load- 
rotation curve in Fig. 6.5. The dashed curve represents the pre- 
dicted joint rotations at the top eaasie top story column. The 
predicted and observed values are in good agreement, however, larger 
discrepancies occurred at other hinge locations. Hinge reversals 
were not observed at any of the plastic hinge locations. 

The axial load distributions in the column stack at Load 
Numbers 6, 9 and 13 are shown in Fig. 6.8. The column is located 
on the 'windward' side of the specimen. For this structure, the 
application of lateral load causes the axial load to decrease in 
the column stack and increase in the shear wall. 

Due to the application of the lateral load, the beams 
of Frame A deform in a double-curvature mode. Thus, the reaction 
from the beam reduces the applied axial load in the column stack, 
with the maximum reduction in the bottom story. The first lateral 
load is applied on the structure at Load No. 6. At this stage, the 
net axial load is less than the applied axial load over the column 
stack as shown in Fig. 6.8. At the bottom story, the difference 
between these loads is approximately 10%. With the application of 
additional lateral loads, the net axial load in the column decreases 
further as shown in the axial load distributions at Load Nos. 9 and 
13 in Fig. 6.8. At the ultimate load (Load No. 13), the net axial 


load is approximately 28% less than the applied load at the top of 
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the column. In an actual building, this change in axial load will depend 
on the arrangements of columns and shear walls in different bents of the 
structure. 

The predicted bending moment distributions in the shear wall 
for Load Nos. 9 and 13 are shown by the dashed lines in Fig. 6.9. The 
agreement between the predicted and observed values is within 10% com- 
pared with 3% of the steel frame. This is to be expected, partly because 
of the variability of the material. At the beam-to-wall joints the out 
of balance moments are within 5% of the beam moments, in all cases. 

In summary, the results of the test of Frame A showed 
good agreement with the results predicted by the modified second- 
order inelastic analysis. For this structure, the PA effect influenced 


the ultimate load significantly. 


7.4 Discussion of Results - Frame B 

The behavior of Frame B has also been compared with the 
theoratical predictions. As mentioned in the previous chapter, 
scattered yielding was observed in the top two column segments due 
to the application of vertical loads; hence the lateral loads 
were applied to a partly yielded structure. The idealized moment- 
curvature relationship (Fig. 3.6) used in this analysis is not di- 
rectly applicable to the columns of Frame B, since yielding occurred 
along the column length before the application of lateral loads. 
Thus the stiffness of the structure is reduced considerably. This 
effect has been included in the theoratical analysis by reducing the 


stiffness (26) of the affected columns to correspond with the re- 
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maining elastic core of the cross-section. 

The responses of Frame B (with and without the PA effect) 
are shown by the dashed and broken curves respectively in Fig. 6.13. 
In this case, the predicted Wieinaeeniea was reduced by approxi- 
mately 12% due to the PA effect. Up to Load No. 6, the agreement 
between the observed and predicted responses is satisfactory. How- 
ever, beyond this point, the connection at the third level beam-to- 
wall joint showed signs of slipping. The lateral load was removed 
at Load No. 7 and the joint repaired. After reloading, the structure 
behaved as expected, with the shapes of the predicted and observed 
load-deflection curves agreeing closely. 

As additional lateral loads were applied, the bending 
moments caused yielding to spread from the beam-to-column joints 
along the height of the column. The out-of-plane and torsional 
movements were measured at mid-height of each column. These in- 
creased gradually as expected, until the structure had achieved 
its ultimate load (Load No. 14). At this stage, the column suddenly 
buckled about its weak axis, between points of lateral restraint. 

Inelastic action was mainly concentrated in the column. 
The predicted and observed hinge patterns are shown in the inset to 
Fig. 6.13. The difference between the predicted and observed hinge 
patterns is apparently due to additional girder flexibility caused 
by slippage at the beam-to-wall joints. Hinges did not form at 


these locations, even though predicted. 
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Frame B simulated the behavior of the bottom portion of a tall 
structure and attained approximately the ultimate load predicted by the 
modified analysis. However, a distinct lack of ductility was exhibited 
by Frame B, since the structure failed prematurely due to lateral- 
buckling of the column. For Frame B, the mid-height brace in each 
column was omitted and the column slenderness ratio was 64, 
above the accepted limit of 54 (45). This column would be acceptable 
according to the proposed design rules for braced frames (45), with 
a slight reduction in moment capacity. The influence of the spacing 
of lateral bracing on the behavior of a multi-story structure is 
therefore dramatically illustrated by the difference in behavior of 


Frames A and B. 


7.5 Discussion of Results - Frame C 

Frame C exhibited behavior characteristic of the upper 
portion, of-a. tal] structure....In Fig. 6.22, the broken, curve, 1s, the 
predicted response without the PA effect and the dashed curve in- 
cludes this effect. Although the applied axial load is much smaller 
in Frame C, as compared to Frames A and B, the PA effect reduced the 
ultimate load by approximately 16%. This high reduction can be partly 
attributed to the hinged base condition of the shear wall. The second- 
order theory overestimates the stiffness of the structure in the inter- 
mediate stages of loading. The theory underestimates the ultimate 


strength by approximately 4%. As in Frame A, this is possibly due 
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to the neglect of strain-hardening in the analysis. 

The observed and predicted hinge configurations are shown 
in the inset to Fig. 6.22 and a reasonable correlation exists be- 
tween the two. The first yielding in the structure was observed 
at the base of the column, although the predicted first hinge is at 
the first level beam-to-wall joint. As in Frame A, the final plastic 
hinge patterns are almost identical, although the detailed sequence 
of hinge formation is not followed. 

The axial load distributions in the column stack of Frame 
C is shown in Fig. 6.25 for four stages of loading. At Load No. 2, 
the structure is subjected to axial load only. At this stage, the 
axial load in the column increased towards the bottom on account of 
the axial shortening effect. At this stage, the difference between 
the applied and developed axial load is approximately 5% in the 
bottom story. As more and more lateral load is applied, the net 
axial load in the column decreases as shown in the axial load dis- 
tributions for Load Numbers 6, 10 and 17 in Fig. 6.22. At the ulti- 
mate load (Load No. 17), the axial load in the bottom story varied 
significantly from the applied reaction at the top of the column. 

The above behavior corresponds to the pulling of the test 
specimen, which means that the column stack is located on the wind- 
ward side of the structure while the shear wall is located on the 
leeward side. However, if the structure was pushed in the opposite 


direction, the axial loads in the column stack would increase and 
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hence yielding would occur earlier, this would accentuate the possi- 
bility of local buckling, lateral buckling or lateral-torsional 
buckling in the column stack. 

The lateral shear distribution in the 24 story structure 
(kK. = 50, M. = 5) has been studied in detail in Chapter IV. The 
design of Frame C is based on the shear distribution of the upper 
portion of this structure. In the top story of this structure, the 
frame system develops shears which are many times greater than the 
applied shears. In order to balance the applied shears, the wall 
develops shears which act in the opposite direction. In the lower 
stories, the'whipping action' diminishes and at the 19th story, the 
Shears in the frame and wall act in the same direction. In the 
lower portion of the structure, the shear wall carries the bulk of 
the shear, for example at the bottom story the wall carries 95% 
of the total applied shear. The shear distributions for the bottom 
and top stories of Frame C are shown in Fig. 6.26 and 6.27 respectively. 
These distributions are similar to those for the corresponding stories 
of the 24 story structure. 

At the bottom story of Frame C, the shear wall carries ap- 
proximately 51% of the total applied shear as shown in Fig. 6.26. 
The dashed curves in this figure correspond to the second-order 
analysis. In this analysis, the frame resists additional shears 
until hinges form in the first level beam and column base. Beyond 


this point, the additional applied shears are carried by the shear 
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wall alone. However, the observed response of the frame shows an 
increase in shear even after the formation of the above hinges. This 
is possibly due to the effect of strain-hardening at the plastic 
hinge locations. | 

In the top story of Frame C, the analytical response 
agreed closely with the observed response as shown in Fig. 6.27. 
The frame resists a shear equal to 1.5 times the applied shear in 
the top story of Frame C, at the ultimate load. In this case, the 
shear force in the wall acts to load the column. As mentioned 
before, this ‘whipping action' will be even more pronounced in a 
taller structure, depending on the relative stiffnesses and strengths 
of the shear wall, column and beam. The high shears in the upper 
portion of the structure may lead to early hinging. This in turn 
leads to earlier deterioration of the structure, which accentuates 
the PA effect. Hence, a rational analysis and design procedure 
should consider the interaction of the frame and shear wall up to 


the ultimate load. 
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CHAPTER VIII 


SUMMARY , CONCLUSIONS AND RECOMMENDATIONS 


8.1 Summary 


This dissertation has presented a second-order analysis 
for coupled shear wall-frame structures which traces the response of 
the structure up to the ultimate load. Based on the behavioral study 
of a 24 story structure, a program of large-scale tests was initiated. 
The applicability and rationality of the present method of analysis 
is assessed by comparing the theoretical predictions with the results 
of experiments on carefully chosen specimens. 

For the analysis, the actual structure is first lumped 
into an analytical model. The structure is then analyzed under a 
constant vertical load and monotonically increasing lateral loads. 
The analysis takes into account the formation of plastic hinges in 
the frame, the inelastic action of the shear wall and the secondary 
moments caused by the PA effect. In the inelastic range, the slope- 
deflection equations are modified to consider members at different 
stages of plastic hinge formation. The analysis considers the in- 
elastic action of the shear wall by modifying the stiffness of the 
yielded segments of the wall so as to be consistent with the assumed 
moment-curvature relationship. The PA effect has been simulated at 


each loading stage by analyzing the structure under an additional 
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equivalent lateral force. A Fortran Program has been developed to 
perform the analysis. Using the program, several structures have 
been analyzed; the results in the inelastic range, compared closely 
with those reported in the literature. 

The behavior of a 24 story structure has been studied in 
detail. Based on this study, three test specimens were designed 
to simulate the action of portions of a taller structure and to 
investigate the aspects of behavior for which analytical techniques 
are inadequate. 

The specimens consist of a single shear wall and column 
stack rigidly connected at four levels by girders. Frame A was de- 
signed to simulate the behavior of the bottom stories of a tall structu- 
ye, with heavily loaded columns subjected to significant inelastic deform- 
ation. Frame B also simulated the behavior of this portion of the struc- 
ture, but the columns were not adequately braced. Finally, Frame C was 
designed to exhibit the ‘whipping action’ characteristic of the top 
stories of a coupled shear wall-frame structure. The response pre- 
dicted by the second-order elastic-plastic analysis agreed closely 
with the observed response. Frame B reached the predicted ultimate 
load, but exhibited a distinct lack of ductility. The frame failed 
suddenly when the column stack buckled about its weak axis. 

All three tests were planned as a part of a program to 
develop design procedures for coupled structures. The facets of 


behavior discussed, with the exception of the lateral column buckling, 
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have been included in the design method (40) described in Chapter 


IV (Appendix —). 


8.2 Conclusions 

The analysis presented in the early portion of this dis- 
sertation adequately predicts the response of a coupled shear wall- 
frame structure. The ill-conditioning problem, which may arise 
because of the large difference in stiffness between the various 
structural elements, is eliminated by the iterative solution procedure. 
The behavioral study of the 24 story structure,indicated that the distribu- 
tion of lateral load between the shear wall and the frame system is 
complex and depends on the interaction among the various elements. 
The PA effect, combined with the inelastic action of the wall and 
frame caused a significant reduction in the load-carrying capacity 
of the structure. The load-carrying capacity of a given structure 
increased with increases in the wall-to-column stiffness and/or 
strength ratios. The results of tests on specimens designed to simulate 
the behavior of portions of the structure can be adequately predicted 
by the second-order elastic-plastic analysis. 

Two types of behavior exist in different portions of a 
coupled shear wall-frame structure. First, the bottom story columns 
are subjected to high axial loads. Before the structure attains its 
ultimate load, these columns may be forced to deform significantly 
in the inelastic range. Second, in the top stories of a tall structure, 


the frame system develops shears which are many times greater than the 
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applied shears. Consequently, early hinging and a corresponding 
reduction in stiffness and local-carrying capacity may result from 
this action. The design method presented herein is able to account 


for both types of behavior. 


8.3 Future Recommendations 

The present second-order inelastic analysis closely pre- 
dicted the response of coupled shear wall-frame structures. However, 
several aspects of behavior require further investigation. 

It has been observed (28) that the neglect of axial short- 
ening may lead to an underestimate of the sway deflections without 
altering the ultimate load appreciably. Also, the shear deformation 
of the wall may be significant, particularly in the lower portions 
(17). The present analysis should be extended to include these 
effects. In order to understand the behavior of the structure fully, 
the unloading branch of the load-deflection curve should also be 
determined. 

Additional large-scale tests are indicated; the specimens 
should be specifically designed to investigate the influence of 
transverse beam loads and to further explore the implications of the 
column lateral bracing spacing. An extension of the testing program 


should also investigate the behavior of structures unsymmetrical in 


plan. 
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APPENDIX A 
DERIVATION OF JOINT ROTATION EQUATIONS 


The frame system has been forced into the deformed shape 
of the wall shown in Fig. 3.10. Applying the slope-deflection 


equations, the moment M at the end b. of the right beam is given 


bwi 
by: 


Mow ; Ke aged si 28 bi ii Sub i) (A.1) 


where KE by = EI/L is the stiffness of the right beam (b.w.) and 


Pans is the vertical chord rotation of the right beam connecting 


the column to the wall. Also in the above equation, 0. is the 
rotation of the frame joint and 8 bj is the rotation at the wall 
end of the right beam, in the i th story. 

Considering the left beam b.f. and applying the slope- 


deflection equation; assuming that the joint rotations at the two 


ends b. and f. are equal, the moment Mogae at the end fF is given 


by: 
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The column bib. 4, between the i th and the i+] th story 


had a stiffness of KE U and the chord rotation of this column is 


+] 
Os 

cit]. The moment, M.;,,> at the bottom end b, of the column bibs, 
is given by 


M = KE. (40, + 26.,, - 6p ) (A.3) 


Cael ci 1 c itl 


where O54 is the rotation of the frame joint at the i+] th level. 
The moment, Mage at the top end, bs, of the column bbs, 


is given by: 


M.; = KE; (40, + 26, , - 6p 


Ci ci i) (A.4) 


ci 
where KE Ay = EI/L is the stiffness of the column bsb._, and Poi 
is the chord rotation of the column. 6;_, is the rotation of the 
frame joint at the i-1 th level. 


Equating the sum of the joint moments to zero 


bwi * Mori * Moa * Me 41 9 anes 


and substituting the values of the end moments from the above 


equations the joint equilibrium equation becomes: 
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KE bi (40; + 20,54 - SO yyy) * SKEL ey 0; + 
Re rel oer! kec 
(46, + 2051, - 60, i+) = 0 (A.6) 
and after simplification 
0; = {KEG (Pung - 26g) + KEG (60,5 - 264_)) 
+ KE. g47 (606 G47 7 28547 )F/C4KE,Rg + SKE. + 
ake 0, 5 PROG, =. (A.7) 


Equation (A.7) can be written in the following simplified 


form 
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C= Keer 
and D = 16KE 4 


Equations (A.7) and (A.8) are valid for the elastic analysis 
only. When a plastic hinge forms at any one of the potential hinge 
locations, the joint rotation equation must be modified. Table A.1 
lists the substitutions to be made in Eqn. (A.8) for the formation 
of hinges in the various members, so that the joint rotation equation 
will conform to the particular hinge pattern considered. 


MPE are the plastic moment capa- 


In Table A.l, MPEL css abe 


cities of the beams b.f. and b.W.s and MPE is the plastic moment 


capacity (reduced for axial load) of the column. 
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TABLE A.1 
MODIFICATION OF ELASTIC SLOPE-DEFLECTION 
EQUATIONS FOR JOINT EQUILIBRIUM 


Substitution to be Made 
Member Hinge Location In Equation (A.8) 


A = 3KE a7 why ~ MPE yn 3/2 


ba 
b iW, A = SKE 
b, A = NPE 
or 
b. ww. A =0 
B= 3KE; + po; - MPE,./2 
Ppa ) 
B = 3KE., 
They 
b, B= NPE. 
or 
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TABLE A.1 (continued) 


Substitution to be Made 


Member Hinge Location In Equation (A.8) 
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APPENDIX B 
FORCED CONVERGENCE EQUATIONS 


The forced convergence equations and the convergence tests 
in Step (e) in the method of analysis are given in this appendix. 
The convergence equations for the rotations and deflections of the 
frame and the vertical displacement of the end of the wall beam; which 


define the position of the frame after the initial cycle, are given 


below: 
(i). > (1) 
9. ae Oni Owi (B.1) 
wi . ‘ee (2) 
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In the above equations, Oi ae 


the rotations, lateral displacements and vertical displacements of 
beam-to-wall joints corresponding to the initial application of 

lateral loads to the shear wall as shown in Fig. 3.9. The deformations 
of the wall obtained by applying the net out-of-balance forces are 


(2) (2) (2) oy: 
then: 0 : Avi and 64 . The final position of the frame 
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is defined by the deformations 6 (2) A (2) ) (2). In the 
above quantities, the superscript represents the cycle number. In 


equation (B.3), D.. is the width of the shear wall at the i th floor. 


wi 
The above forcing equations, modified for cycles other 


than the initial cycle, are given below: 
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and 


where n denotes the cycle in progress. 
At the end of Step (d) in Chapter III, convergence tests 
were performed. These tests must satisfy the following conditions; 


for rotations: 


wi wi oe (B.7) 
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and for deflections: 


(8.8) Saye =! pio OO 


In equations (B.7) and (B.8), « is the specified con- 


vergence limit, which is normally set at 0.01. 
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APPENDIX C 
DERIVATIONS OF THE EQUIVALENT PA SHEAR 


The PA effect plays a dominant role in the behavior of 
tall structures. The vertical load on the structure, P, acting 
through a sidesway displacement, A, produces an additional over- 
turning moment commonly known as the PA moment. In this analysis 
the PA effect has been taken into account by analyzing the structure 


under an equivalent lateral force. In Fig. C.la, H; is the applied 


; 
lateral load at the i th floor. Due to this applied force system, 
a lateral deflection A; is produced. 

The story moment between the i th and i-1 th floor due to 
the PA effect is obtained by taking moments about the i th floor of 
all the axial loads above this level. Similarly, by taking moments 


at each level, the other story moments are obtained. The extra 


shear due to the PA effect, Vi» is given by: 


Nee (Can) 


where h. is the story height at the i th story and P. is the total 


vertical load on the structure at the i th story. 


The additional lateral load, Hi. simulating the PA effect 
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can then be determined and is given by: 
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er eane mer eae wrap che 
Sha eee ed Cig ce ees Sa Sey Zaoen (Cs?) 
h, h, : 
1 i+] 


The structure is now reanalyzed under the lateral force 
system, H. “F Hi (without considering vertical loads). In Fig. C.1b, 
Ao. is the lateral deflection corresponding to the new lateral force 
system. If these deflections do not agree (within a specified convergence 
limit), the additional horizontal force, ae due to the PA effect 
for the next cycle is given by 
n n 
bite tr) aha 22 van 823) 


1 ee (C23) 
h. hea] 


The structure is again analyzed under the lateral force 
sys tem H. ~ Hoy The process is continued until the changes in lateral 
deflections are within the convergence limit. 

The total vertical load at each floor level has been read 
into the program. In the present method of simulating the PA effect, 
a constant vertical load has been used throughout the analysis. In 
the actual structure, the girder shears will introduce tension in 


one column and compression in the other. This will not change the 


total vertical load or the gross PA effect. 
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APPENDIX D 
NOMENCLATURE AND PRINTOUT OF THE FORTRAN PROGRAM 


D.1 Nomenclature for the Fortran Program 


BAKA A subroutine subprogram 

BMOM Bottom moment in a segment of the shear wall (kip-in) 

BMOMF Bottom moment in the bottom of the lowest segment in 
a story (kip-in) 

CON Convergence limit for the deflection and rotation 

CDEFF Floor level deflection of shear wall after applying 
convergence formula 

CROTF Floor level rotation of shear wall after applying 


convergence formula 


DEF Deflection of wall at a section (in) 
DEFF Deflection of the wall at the floor level (in) 
DMB F Moment at the column end of the left hand beam com- 


puted in the previous loading condition (kip-in) 

DMBW Moment at the column end of the right hand beam 
computed in the previous loading condition (kip-in) 

DMCB Moment at the bottom end of column in a particular story 
computed in the previous loading condition (kip-in) 

DMCT Moment at the top end of a column in a particular story 
computed in the previous loading condition (kip-in) 

DMFB Moment at the left end of the left hand beam computed 


in the previous loading condition (kip-in) 
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DMWB 


HBW 


HLIR 


HS 
HSF 
IK ,IX 
IVL 


KC 
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Moment at the wall end of the right hand beam computed 
in the previous loading condition (kip-in) 

Width of shear wall (in) 

Youngs modulus of elasticity of the frame (kip/in®) 
Youngs modulus of elasticity of the wall (kip/in?) 
Applied force on the wall from frame analysis (kip) 
Horizontal design load acting at floor level (kip) 

A subroutine subprogram 

Frame force at the floor level (kip) 

Final force on wall at each floor level (kip) 

Length of left hand beam (in) 

Length of right hand beam (in) 

Percentage of original horizontal load to be increased 
in the elastic range 

Percentage of original horizontal load to be increased 
in the inelastic range 

Story height (in) 

Height of floor level from base (in) 

Dummy constants 

Dummy constants for stopping the program if the deformation 
exceeds certain specified limit 

Spring constant at the base of the shear wall (kip-in/rad) 
Spring constant at the base of the column (kip-in/rad) 
Product of number of story and number of segments in a 


story 
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MAX 


MI 
MIBF 
MIBW 
MIC 
MII 
MM 
MMCB 
MMC T 
MMMM 
MOMB 
MOMBF 


MOMBW 


MOMFB 


MOMP 
MOMW 


MOMWB 


MPC 


Maximum no. of cycle to be performed for any iteration 
process 

Moment of inertia of shear wall (in*) 
Moment of inertia of left hand beam (in*) 
Moment of inertia of right hand beam Cin’) 
Moment of inertia of column (in’) 

Moment of the segment of the shear wall (in’) 

No. of problems to be solved 

Moment at the bottom of a column in a story (kip-in) 
Moment at the top of a column in a story (kip-in) 
Counter for iteration with the effect of axial load 
Moment at the base of the shear wall (kip-in) 

Moment at the column end of the left hand beam in the 
cycle under consideration (kip-in) 

Moment at the column end of the right hand beam in the 
cycle under consideration (kip-in) 

Moment at the left end of the left hand beam in the 
cycle under consideration (kip-in) 

Moment in a story due to axial load (kip-in) 

Total moment at floor level on the shear wall due to 
end moment and shear from the right hand beam (kip-in) 
Moment at the right end of the right hand beam in the 
cycle under consideration (kip-in) 


Plastic moment capacity of column in a particular story 


(kip-in) 
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MPF 
MPSW 
MPW 
ND 
NI 
NM 
NNMM 
NS 
PPS 
PS 
PSW 
ROB 
ROFA 
ROS 
RMWP 
RPWP 
ROT 
ROTF 
ROT FF 
ROTO 
SBF 
SBW 
SC 
SHEARR 


Plastic moment capacity of the left hand beam (kip-in) 
Plastic moment capacity of the shear wall (kip-in) 
Plastic moment capacity of the right hand beam (kip-in) 
Number of division in a story 

Number of times horizontal load to be incremented 
Length of a segment of a wall ina story (in) 

Segment height from base of wall (in) 

Number of stories 

Total axial load in a structure at a floor level (kips) 
Vertical load on column (kips) 

Vertical load in wall (kips) 

Sway rotation of right hand beam 

A subroutine subprogram 

Story rotation of frame (rad) 

Ratio of moment to plastic moment capacity of wall 
Ratio of curvature to curvature corresponding to RMWP 
Rotation of wall in a segment (rad) 

Rotation of wall at the floor level (rad) 

Joint rotation of frame (rad) 

Joint rotation at the base of column (rad) 

Stiffness of left hand beam (kip-in) 

Stiffness of right hand beam (kip-in) 

Stiffness of column (kip-in) 


Shear at the ends of left hand beam (kip) 
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SHEARW 
SHEC 
SR 

SR 1 
SRaS 
SSB 


TMOMF 


TMOM 
VDEF 


Shear at the ends of right hand beam (kip) 

Shear in column in a story (kip) 

A subroutine subprogram 

A subroutine subprogram 

A subroutine subprogram 

Slope of the second branch of shear wall moment- 
curvature diagram 

Top moment in the top of the topmost segment in a 
story (kip-in) 

Top moment in a segment of the shear wall (kip-in) 


Vertical uplift of the beam connected with the wall (in) 
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131 
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EE 
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D.2 Printout of the Fortran Program 


DIMENSION F(99,30),HSF (30) 4 DOW 30) » FOC ( 30) » SHEAR( 30) » ROTF (999 30)» 
LROTFF (99 530) »ROTO(99) » SHEC(30) » FD( 30) y FW( 30) » SHEARW( 30) yPS1 30), 
2SHEARR (30) »CPHI ( 300) 9 D( 300) »D1( 300) HI 994 30) pDELTAL 99439), 
3FA(30),PPS(30),CROTF(99,30) sCDEFF(99,30), PPD(30),ZM(300), 

4 DEFFI(99~,30), HBF (30) sHBW{ 30) »HS(30), SBF (30) »SC(30) »SBW( 39), 
5F11(30)5TMOM( 300) »BMOM( 300)» TMOMF (30) » BMOMF (30) »DMFB(30), 
6DMBF (30), DMBW( 30) +DMWB{ 30) ,CSHEC( 30), OMCB(30),DMCT(30) 

REAL NNM{300) »NNMM(300), MIA(3900)¢MI1(300) »MMCT (39) »MMCB( 39), 
1KByKCy MOMW{30),5 MOMWB{30) »MOMBW( 30) »>MOMBF( 30) ,MOMFB( 30) 
2a>MPF130)yMPw(3C) »MPUC(30),MPS(300) 

FORMAT(1H1) 

FORMAT (LHK) 

FORMAT(1H ) 

READ(53130) MM 

FORMAT (1X,13) 

DO 400 JJ=1,MM 


INPUT STATEMENTS FOR DATA BY SUBROUTINE SR. 


CALE SR (LeNSeNDo EWeKCeKBe FD yay NI pHSeDwePSy MPF »NNM, 
1 MPWy»MPC, SCeSBW,SBF,IVL»PPD, HBF sHBW 
Z RMWP,RPWP_ MAX CON, HLT »HLIR»HSFeFoMI 1 >MPSeNNMMoMI Ag PPSy ALPHA) 
NL=JJ-1 

KP=0 

SSB=(RMWP-1.0)/(RPWP-1.0) 

DO 302 NJ=1,NI 


SHEAR WALL ANALYSIS BEGINS. 


IK=0 

IX=0 

MMMM=1 

DO 131 K=1,NS 

HONJ 9K) =FUl eK) 

CONTINUE 

CALL BAKA (IKyIXeoMMMMyplL eo NSoNDoEWe KC pKa HS oe DWy PS yNNMaMPF yMPWy 
LMPC, SC o SBWe SBF pHBW yp MAX po CONSHSF 9 Fe MIT a NNMMep TMOM, BMOM yp MOMW, ROT By TMOM 
2F »y BMOMF yROTFyDEFF,ROTFFeRUTG eI TER»NJeDMCB yy DMCT » OMBF » DMF By DMBWy 
3DMWByMMCBy MMCT » MOMBWs MOMWB oF OCy SHEC pCSHEC »SHEARW ey NCYCLE, SHEAR CHEF 
4FyeCROTF eZMeMIA) 

TFA EXyeEQs91)GGO TO 245 

PPLE .EOs (1) GO Te 2t2 

IF(PPS(1) .LE- 0-9) GO TO 260 

IF (MMMM 2EQ. 1 «AND. NJ -EQ-e 1) GO TO 235 

IF (MMMM EQ. 1) GO TO 256 


DO 234 N=leNS ; 
LE (ABS ((CDEFF (MMMM,N)-COEFF(MMMM—15N))/CDEFFI(MMMM,N)) «GE. CON .OR 


le ABS{(CROTE(MMMM,N)-CROTF(MMMM=19N))/CROTF(MMMM~N)) 2GE~. CON) 59 
2TOue5i 

CONTINUE 

GO TO 260 


(G8 eb) Aton, (OF) MA IHE ewes 
ry COLLEY» TOE PWHA SHE (GE PW ft 
ete, Re TAT Ia0, (Ce sr oane 

(COE THN, 448 1099 Se PGES 
siluse Wee a ie } 32's {He }- 43 oe ae ag 
Of) 89Md~ (C669 4M0 4 y COER 

See LF DMG tO ah. wal 

eit Bian Ty Va JOE I PIM ¢ OF 
)S5nOM, (OL) GMO) LOE NE 


_ 
| We >ns Weoseu ve tao 108. a ate | 
Mts AGH “429 Tywhl eis We Ha Sane” seat Az =? A! ; 
. OW ly ae +GASs IVE 138 re as Ly 
FARA IA veh ATH y RNAY 29m ETM YA aiid hace AM’ 


e ‘ iene one 


; 
hay  - 
ae 


P 


“ena - LY 


on Marts ay | aa 


age ae at 
ATOR, weOM. MAME. Pte? MMV g i. 

(WANG 9B 9MG, FAMC TIAG eM Li 
9303 RA THE esa ° ran 24 seis 


ak ee t ra ¥ ; 
‘aa . wi 


Goat Coit) 


Oi Gy oy 


(om om 2) 


OVGu@s 


D7 


OUTPUT STATEMENTS FOR RESULTS OF FRAME ANALYSIS BY SUBROUTINE ROFA 
(WITHOUT THE EFFECT OF AXIAL LOADS) 


235 wRITE(6,240) 
240 FORMAT(/45Xy"RESULT WITHOUT THE EFFECT UF AXIAL LOAD'//) 

CALL ROFA (ROTFF »SHEC, FOC yMMCByMMCTyROTUyNS pNCYCLEy ITER» MMMM) 

DO 242 N=leNS 

MOMFB(N)=S BF(N) *6.0*ROTFF(ITER»N) 

MOMBF(N)= MOMFB(N) 

SHEARR(N)=2.0*MOMFB(N) /HBE(N) 

ao las. Neo MOMBW(N) »MOMWB(N) »MOMBE CN) » MOMEB(N) » SHEARW(N) » SHEAR 

IRON) 
241 FORMAT (13Xe1391X94F 19.295 Xe FLO. 29 TX9F1LI.2/) 
242 CONTINUE 

WRITE(6,21) 

DO 244 K=1,NS 

FLILIK)=F(leK)-FOC(K) 

FUL yKP=FLI(K) 
244 CONTINUE 

[X=1 

GU TO’ 132 
245 WRITE( 6,22) 


OUTPUT STATEMENTS FOR RESULTS OF SHEAR WALL ANALYSIS BY SUBROUTINE 
SR3 (WITHOUT THE EFFECT UF AXIAL LOADS) 


CALL SR3 ( BMOMF »>TMOMF es ROTBeNS eo FLL eFUCySHEAR,ROTFADEFF,CROTF,CDEFF, 
1MMMM) 

IX=0 

WRITE( 6921) 


ADDITIONAL HORIZONTAL LOADLTO SIMULATE P-OELTA EFFECT 


251 IF(MMMM .EQ. MAX) GC TO 254 
256 PPS(NS+1)=0.0 
HS(NS#1)=5000.0 
COEFF(MMMM»NS+1) =CDEFFUCMMMM,NS ) 
Fl lel) =H(NJy1)#ALPHA*® (PPS (1) *CDEF FI MMMM, 1)/HS(1LI-PPS(2) *(COEFF( MMM 
1M, 2)-CDEFF(MMMM,1))/HS(2)) 
[F(NS .EQ- 1) GO TO 253 


DO 252 N=2,NS 
F( Ll »N)=HEI NJoN) FALPHA* (PPS (UN) *( COEFF (MMMM,N) -COEFFI(MMMM,N-1))/HSOUN) 


1-PPS( N41) *(CDEFF(CMMMM,Nt1 I -COEFFIMMMMYN) )/HS(N#1L)) 
252 CONTINUE 
253 MMMM=MMMM¢1 

GO TOF 132 


OUTPUT STATEMENTS FOR RESULTS OF FRAME ANALYSIS BY SUBROUTINE R0FA 


254 wRITE(6,255) 
255 FORMAT(LOX,* CONVERGENCE (CALCULATION OF THE EFFECT OF AXTAL LOAN) 


l1WAS NUT ENOUGH'//) 
260 CALL ROFA (ROTFF»SHEC »FOC,MMCKyMMCT pROTOsNSeNCYCLE, ITER» MMM) 
DO 270 N=lyNS 
IFINS SEQS 1)°GO TO "261 
IF(ABS{(DMFB(N)) .GE. MPFIN)) GO TO 262 
261 MOMFB(N)I=SBF(N) *6.0*ROTFF(ITER SN) 
GO TG:'263 
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262 MOMFBIN)=DMFEBI(N) 

263 MOMBF(N)=MOMEB(N) 

264 SHEARR(N)=2.0*MUMFB(N) /HBFIN) 
WRITE (69241 )NyMOMBWAN) » MOMWB(N) »>MOMBE (N) ¢ MUMEBUN) » SHEARWIN ) » SHEARER 
L(N) 

270 CONTINUE 
DO 271 K=1,NS 
DELTA(NJ,K)=CDEFF (MMMM, K) 
FLICK) =F(1l,KI-FUC(K) 
F(lsK)=F11(K) 

271 CONTINUE 
IK=1 
GO TO 132 

272 WRITE(6921) 


OUTPUT STATEMENTS FOR RESULTS OF SHEAR WALL ANALYSIS BY 
SUBROUTINE SR3 


CALL SR3 ( BMOMF,TMCMFs ROTBeNSeF1l1yFOC,SHEAR,ROTFeDEFF yCROTFyCIEFF, 
1MMMM ) 
WRITE(6,21) 


DETECTION OF HINGES IN SHEAR WALL. 


MECNE SNE. UU) GES TG. 273 

IF (ABS(DELTA(NJ¢NS)) «GT. STOPD) GO TO 960 
273 SSB=(RMWP-1.0)/(RPWP-1.0) 

DO 284 J = lyl 

DU JI=CTMOM( J) +#BMOM(J))/(02.90*MPS(J)) 

D1(J)=005) *MPS(J) 

IFCABS(D(J)) «LT. 1.0) GO TO 284 

{F(NL .NE~ JJ) GO TO 274 

CPHI( J) =(0(JI-1.0)/SSB + 1.0 

MII(JJ=D(J) * MIA(CJ) / CPHI(J) 
274 KP=KP+4l1 

LRICNP? SIGEs 2) GO TO 281 

275 WRITE(69280) 
280 FORMAT(45Xe37HDETECTION OF HINGES IN THE SHEAR WALL///) 
281 WRITE (6,282) J5+0( J) ,01LCJ) 
282 FUORMAT(5X,20HHINGE IN SECTION NOeeI3e2Xe51LHRATIO QF MOMENT IN WALL 

1 TO PLASTIC MOMENT CAPACITY=9F5e2e2Xe15HMOMENT IN WALL=y7F 14. 2/) 

WRITE(6,283) MIIT( J) eMIAlJ) 
283 FORMAT (5X,"*REDUCED MOMENT OF INERTIA =*,F13e253Xe*INITIAL MOMENT 

1 OF INERTIA =",F13.2//) 
284 CCNTINUE 

WRITE( 6921) 


DETECTICGN OF HINGES ON FRAME BY SUBROUTINE SR1. 


CALL SR1 (OME B,DMBF » OMBW, OMWB,DMCT » OMCBy MOMFBe MOMBF » MOMBWy MOD 
1MWB, MMCT»MMCByNSoM3 9 MPF pMPWeMPC ) 
IK=0 


TRUNG SGe UJ) GO TC 285 
PRUQWE.GE. 1 «GR. M3 «GE. 1) GO TO 295 


HORIZONTAL LOAD IS INCREMENTED 


285 EFUNJ .£Q. NI) GO TO 969 
WRITE( 6,21) 
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WRITE(6,291) 
291 FORMAT(50X_,*HORIZONTAL LOAD INCREMENTED'//) 
WRITE(65292) 
292 FORMAT(LOXs* FLOOK NO" yS5Xy*HORIZONTAL LIAD(K)',5Xy*VERTICAL LIAL 
1K) '//) 
DU 294 K=1,NS 
F( ls KI=H(INJKIFHLI*FD(K) 
IF{IVL .LE~ 0) GU TO 296 
PPS(KI=PPS(K) +HLI*PPD(K) 
296 WRITE(6 9293) KsF(lsK)yPPS(K) 
293 FORMAT( 13X91 3911X+F5.2916X,F8.2/) 
294 CONTINUE 
KP=0 
GO TO 302 


HORIZONTAL LOAD IS DECREMENTED 


COMPUTE SECTION HEIGHT FROM BASE IN INCH 


295 IF(NJ -EQe NI) GU TO 960 
STOPD=39.0*ABS(DELTA(NJ»NS)) 
WRITE{6,300) 

300 FORMAT(LHK »15X,* HORIZONTAL LOAC DECREMENTED TO MAKE THE FRAME ELAS 

1TIC SO THAT HORIZONTAL LOAD CAN BE INCREMENTED: SLOWLY'///) 
WRITE(69292) 

DO 301 K=1l,NS 

F(lyKI=HINJoK)-HLI*FO(K)+HLIR*FO(K) 

Let ivie sles, 09 GO TO 303 
PPS(K)=PPS(K)-HLI*PPD(K)*HLIR*PPDIK) 

303 DMFB{K)=0.0 
DMBF(K)=0.0 
DOMW&(K)=0.0 
DMBw(K)=0.0 
DMCT(K)=0.0 
“-DMCB(K)=0.0 
WRITE (65293) KoF Cl sk), PPS(K) 

301 CONTINUE 
HLI=HLIR 
NL=JJ 
KP=0 

302 CONTINUE 


OUTPUT THE ROTATION AND DEFLECTION OF EACH HORIZONTAL LOAD 


96C DO 907 N=leNS 
WRITE(6,915) N 
915 FORMAT(48X,*LUAD-VEFLECTION DATA FOR FLOGR NOw %y13//) 
wRITE(6,905) 
905 FORMAT(10X,*HORIZONTAL LOAD(KIP)*,5Xe*DEFLECTION(IN) *//} 
DG, , f0Oee hs =) lsh 
WRITE(62908) H(KyN) »DELTA(K»N) 
9C8 FORMAT(16XyF8e2e11X9E13~.6/) 
906 CONTINUE 
JOT CONTINUE 
400 CONTINUE 
STOP 
ENO 
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SUBROUTINE SR READS IN DATA -— COMPUTES CO-ORDINATES OF EACH 
FLOOR FROM THE BASE AND THE STIFFNESS OF MEMBERS - ALSO ALL 
THE INPUT QUANTITIES ARE PRINTED OUT 


SUBROUTINE SR (LyNSoNDy EWsKC eKBe FI y>NTsHSpDWyPSye MPF »NNM, 
1 MPWeMPC, SC,ySBWeSBF,IVL»PPD, HBF eHBW, 
2 RMWP »RPWP »MAX sCON, HLT »HLIR yHSFoFoMI TL 9>MPSyNNMMe MI Ag PPSyALPHA) 
DIMENSION FD{(30) ¢HS(30),D0W(30 ),PS{(30), SC (30), 

1 SBF(30),S8wW{ 30), HBF(30), 
2ZHBW1 30) »HSF( 30) F199 530),PSW(30)¢PPS(30),PPD( 30) 

REAL MI{30) ,MPF(30) »>MPW(30) MPC (30) »MPSW( 30) ,MIC(30) »MI BF( 30), 

1 MIBW( 30) »NM( 30) > NNM( 300) »MI1 (300) »MPS( 300) »NNMM( 300) »MIA(300), 
2KByKC 

REAC(5»9200)KBe KC EF pEWe NS pNDgMAXyCON,HLI yg NI yHLIR 

FORMAT (1X,2E18.-592F 7.00 31 35 2F5e29135F 5-2) 

READ(5947C) RMWP,RPWP,ALPHA,IVL 

FORMAT(1LXs2F7.25F5.25913) 

DO 202 K=1,NS 

READ (5,204) FD(K) »HS(K) p HBF (K) pHBW(K) eOW(K) pMI(K) »MIC(K), 

IMI BF(K) sMIBW(K) 

FORMAT(LXsF5e254F76254F11 22) 

CONTINUE 

DO 102 K=ly,NS 

READ(5,101)PS(K) » PSW(K) 


FORMAT(1Xs2F 8.2) 

CONTINUE 

00161205; .K = -LsyNS 

READ(5,500) MPF (K)»MPW(K) »MPC(K) »MPSW(K) 
FORMAT ( L7X »3F14e2,F21-2) 

CONTINUE 


ALL FORCE UNITS. ARE IN KIPS AND ALL LENGTH UNITS ARE 
IN INCHES UNLESS STATED OTHERWISE. 


L=NS*ND 

NDN=0 

K=1-ND 

CB=0.0 

DO 22 J=lsNS 
NM(J)=HS(J)/FLOATIND) 
HSF(J)=CBtHS( J) 

CB=HSF (J) 

SBW( J)=EFeMIBW(J)/HBWIS) 
SBF(J)=EF*MIBF( J) /HBF (J) 
SC(J)=SEFRMIC(JI/HS(J) 
F(l,J)=FO(J) 
PPS(JI=PS(J)#PSwl J) 
PPCD(J)=PPS(J) 

K=K+ND 

NON=NDON+#ND 

DO 23 N=KyNDN 

NNM(N) =NMCJ) 
MIIT(N)=MICJ) 
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MIA(N)=MI(J) 
MPS(N) = MPSw(J) 
CONTINUE 
CONTINUE 


COMPUTE SECTION HEIGHT FROM BASE IN INCH 


BC=0.0 

DO 25 K=l yl 
NNMM(K)=BC4#NNMCK) 
BC=NNMM(K) 
CONTINUE 

WRITE( 69324) 
FORMAT (1H1) 


OUTPUT STATEMENTS FOR DATA OF FRAME AND SHEAR WALL. 


WRITE(6,51) 

FORMAT (50X929HDLATA FUR SHEAR WALL AND FRAME//) 
wRITE(6s351) NS 

FORMAT (1LO0X,56HNUMBER CF STORIES = 
1 913/) 

WRITE(69352)ND 

FORMAT (10X»56HNUMBER OF DIVISION TG BE MADE IN A STGRY 
1 113/) 

WRITE(69355) Ew 

FORMAT (1O0X,53HMODULUS OF ELASTICITY FOR WALL = 
1 »F9.2/) 

WRITE( 65356) EF 

FORMAT (10X,953HMODULUS OF ELASTICITY FOR FRAME = 
Ne SIRS rare 

WRITE( 69354) KC 


FORMAT(10X_,43HSPRING CONSTANT AT BASE OF FRAME =) 2619.5/) 
WRITE(69353) KB 
FORMAT (10X943HSPRING CONSTANT AT BASE OF WALL S18 E1947) 


WRITE(6,510) CON 

FORMAT(10X»*CONVERGENCE LIMIT" 424X_,%=',F20.5/) 

wRITE(6,501) ALPHA 

FORMAT(LOXs*ALPHA® 536X_%=",F2023//) 

WRITE (69364) 

FORMAT (1HK) 

WRITE(65357) 

FORMAT(10X,LOHFLOOR NO./92X_ LOHFORCE(KIP) 3X91 7HMOMENT UF INERTIA, 
13Xy1l6HSTORY HEIGHT(IN) @3XeLGHWALL WIDTH( IN) »3X,15HAXIAL LOAD(KIP), 
23Xy15HAXIAL LUOAD(KIP)) 

WRITE(6,358) 

FORMAT(LOXs9HSTORY NOoe1l8Xy13HOF WALL (1N4) 543X—99HON COLUMN, 10X,47H 
20N WALL//) 

DO 10 N=1y,NS 

WRITE(69359INeFDIND pMI (IN) pHSIN) sOWIN) »PSUND) PSWI(N) 

FORMAT (13X91 32 6XeFBe2s Xe Flo2e2e9XeF Be 2yllLXeF lols IX F Be 2eIXeF Be 2/) 

CONTINUE 

WRITE( 69366) 

FORMAT (1HK) 


WRITE(6,360) 
FORMAT(10X,1lOHFLOGR NOw/92Xe14HLENGTH OF BEAM,3X,14HLENGTH OF BEAM 


1y3X_yL7HMOMENT OF INERTIAs3Xe17HMOMENT OF INERTIA 3Xy17HMOMENT OF I 
2NERTIA) 
wRITE(6,361) 
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FURMAT(LOXs9HSTCRY NO¢ 4X LZHON ROLLER (Ti) + 3X9 14HCONNCCTEY WITH 4X 
LylL4HOF COLUMN(IN4) ,5Xy,1L7HOF BEAM ON ROLLER, 3X,17HOF REAM CONNECTED 
2) 

WRITE( 6,362) 

FORMAT (42X¢5HWALL(U IN) 9 32X95HUING) 9 1OXe14HWITH WALL( ING) //) 

DO 71 J=1,NS 

WRITE (69363) SsHBF( J) »HBW(S) pMIC( J) pMIPF (JU) »MIBW(J) 

FORMAT ( L3X eT 2 eSXeFBe2eIK yp FR. 29K Fl le 2eIXeF ll ea s9IXeFlle2/) 

CUNT INUE 

WRITE( 65411) 

FORMAT(1LHK,30X,"PLASTIC MCMENT CAPACITY OF GEAMS, COLUMNS AND WALL 
77) 

wRITE(6,399) 

FORMAT (1CX,lLOHFLCUR NO./92Xy 
1 LSHPLASTIC MOMENT) 2XyL5HPLASTIC MUMENT,2X,15HPLASTIC M1) 
3BMENT» 5Xy915HPLASTIC MUMENT) 

WRITE(6,406) 

FORMAT(LOXs9HSTURKY NUey 3Xo 
L LSHLAPACITY OF THEs2xX,15HCAPACITY (CF THE e2X,15HCAPACITY OF T 
Z2HEsy SA, 1L5SHCAPACITY CF THE) 

WRITE( 69407) 

FURMAT(22X, LSHBFAM 
20N ROLLER 2X, 15HWALL SITOE BEAM, 2X1 5SHCOLUMM (KIP-IN) » 5SXe 1 SHWALL 
BeiCKLPS LNs) 

WRITE( 69408) 

FORMAT(26x, I aT AGG Waal Hae 
Ll), TX,oH(KIP-I.)//) 

DO 410 K= 1yNS 


WRITE(674C9) Ky MPF(K) »MPWIK) »MPC(IK) »MPSW(K) 
FORMAT(13XeT35 6X, FISe2y 3XeF 140209 3X oF L4e2e2Xe El 
1.8/) 

CONTINUE 


WRITE(6y 385) 
FORMAT( LHKy45Xy39HSTIFFNESSES (EI/L) OF BEAMS AND COLUMNS//) 
WRITE( 6,365) 
FORMAT(10X,1lOHFLUUR NOo/94Xe19SHSTIFFNESS GF COLUMN, 4X,17HSTIFFNESS 
1 CF BEAM,s4X_,1/7HSTIFFNESS OF BEAM) 
WRITE (65367) 
FORMAT(1LOXs9HSTURY NUcylLOXe BHI KIP-IN) gp LIX e LSHCONNFECTED WITH, 5X_17 
LHON ROLLEK(KIP-IN)) 
wRITE( 5,368) 
FURMAT(49X,1L2HWALL(KIP-IN)//) 
DOr v2 J=1,NS 
WRITE(69 369) 4d 9SC( J) »SBWIdS)ySBF( J) 
FORMAT (13X el 30 9X0FlOe2ls (XeF 15.25 6XeF15.2/) 
CONTINUE 
wRITE(69481) 
FURMAT(LHK, 4O0X,53HMUME NT CURVATURE RELATIONSHIP OF THE SHEAR 
1 WALL///) 
WRITE(6 0462) 
FORMAT(1LOX,9HPOINT NGoe SXeLOHRATIO OF MUMENT INe 5X1 8HRATIO OF CU 
LKVATURE) 
wRITE(65483) 
FURMAT(24X,19HWALL TO THE PLASTICe¢5X,18HIN WALL TL THE) 
WRITE(67484) 
ESRMAT(24X%,19HMOMENT CAPACITY OF 45X,18HCURVATURE UF THF) 
WRITE(6 2465) 
FORMAT(29Xy9HTHE WALL oy 1lOX,18HWALL AT YIELD PT.///) 
WRITE( 62488) 
RETUKN 
END 
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SUBROUTINE BAKA COMPUTES THE DISTRIBUTION OF LATERAL LOAD BETWEEN 
THE FRAME AND SHEAR WALL. MOMENTS AND DEFORMATIONS AT EACH SEGMENT 
OF THE WALL ARE COMPUTED. THE CONVERGENCE FORMULA IS APPLIED 
tecrkCEP) THt FERST CYCLE }) FOR DEFLECTION ANDO ROTATION. THE 
DEFORMATIONS COMPUTED BY THE CUNVERGENCE FORMULA ARE ENFORCED GN 
THE FRAME SYSTEM. THE JOINT ROTATION OF THE FRAME ARE COMPUTED IN 
SUBROUTINE FRAME. 


SUBROUTINE BAKA (1K) IX 9MMMMel NS oNDg EW eo KC op KBeHS ep DWe PSaNNMo MPF yMPiig 
LMPC SC pSBwy SBF HRW yp MAX p CONSHSF y Fo MI Ly NNMM_ TMOMy BMOM p MOMW, ROT B, TMOM 
2F,8MOMF »ROTFyDEFF,ROTFF,ROTO ITER» NJ OMCB oe f)MCT » DMBF » DMF Bg OMBWe 
3DMWBeMMCBy MMCT »MCM6 Wy MOMWByFOC, SHEC»CSHEC »ySHEARWyNCYCL Ey SHEAR, COEF 
4FyCROTF) 

DIMENSION 8MOM( 290) »BMOMF( 30),CSHEC( 30) ,CDEFF( 99,30), CROTF(99,3% 
1),DEF(300)_DEFF( 99, 30) » OMCB( 30) yDMCT( 39) » OMBW( 30) »DMW8 (39) AW 30) » 
20MFB(30),0MBF(30),F 199430) ,FOC{ 30) gHSF(30) »HS (39) pHBW(39) »PS(30), 
3ROT( 300) »ROTF(99,30),ROS1 30) »ROB(30) ,ROTFF(99430)9 ROTO(99) » SC{ 30) 


4 9SBW(30) »SBF(30) »SHEC (30) » SHEARW(30)9SHEAR( 30) » TMOM(309) , TMOME ( 39) 


aavOEF (30) 

REAL K&sKC,MOMB»MCMW( 30) »MIL (300) »MPC (30 )»MOMP( 30) »MPW(30) > 
LMPF (30) »MMCB( 30) »MMCT (39) » MOMBW (30) » MOMWB 30) »>NNMM( 300) »NNM( 309) 
DO 232 M=1lyMAX 


MOMENTS AT VARIGUS SECTIONS (KIP-IN). 


MOMB=0.0 

NON=0 

K=1-ND 

DO 135 N=l,NS 
MOMB=MOMBtF (M,N) ¥HSFIN) 
K=K+ND 

NON=NON+ND 

DO 134 J=KyNON 

RS=0.0 

DO 133 I=NeNS 
RS=RS+F(M, 1) *(HSFCTI-NNMM(J)) 
TMCM( J) =RS 

CONTINUE 

CONTINUE 

Ue delie weskiGen clvetGR or «LX petites Teh. GO, AGh 11440 
EEtM sakes 1) GU TO 145 
DO 142 N=lyNs 
MOMB=MOCMB+MOMW(N) 
RS=0.0 

DO 141 I=NeNS 
KRS=RS+MUMW(T) 

CONTINUE 

MOMW(N) =KS 

CONTINUE 

NON=0 

K=1-ND 

DO 144 [=l,NS 

K=K+ND 

NON=NON+4ND 

00 143 J=KyNON 
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TMCM{ J)=TMOM( J) +MOMW(T) 
BMOM( J)=TMOM( J) #SHEAR(L)*NNM(J) 
143 CONTINUE 
144 CONTINUE 
GO TO 150 
145 BMCM(1)=MOMB 
EP Gis se 1) GO TO 150 
DO 146 J=29L 
146 BMCM( J)=TMOM( J-1) 


DEFLECTIONS AT VARIQUS SECTIONS (IN) 


150 A = (TMCM(1)+MOMB)*NNMOL)/(2.C#EW*MIT(1)) 
ROT6=MOM6/Kb 
ROT(1LI=ROTB+A 
DEF(1)=ROTB*NNM(1)+A*NNM(1)/2.0 
DRC woe Gew Ld) GO TO 152 
DO 151 J=2eL 
B=(TMOM(J)+BMOM(J)) *NNM(J)/(2.0*EW*MI T(J) ) 
ROU dS) = ROTC I—1 e+ 1B 
DEF (J) =DEF (J-1)+ROT(J-1)*NNM( J) #B¥NNM0J)/2206 
151 CONTINUE 


MUMENTS, ROTATIONS ANO DEFLECTIONS AT EVERY FLOOR LEVEL 


152 DO 153 N=lyNS 
[=N*ND 
K=1+1-ND 
TMCMF(N)=TMOM(I) 
BMOMF(N)=BMOM(K) 
ROTF(M,NI=ROT(IL) 
DEFF(M,N)=DEF(1) 
153 CONTINUE 
IF(IX .EQe 1) RETURN 
IF(IK eEQ@- 1) RETURN 
IF(M .-Ewe 1) GO TO 155 
DO 154 N=l,NS 
ROTF (My N)J=RCTF (1, NID *¥ROTFE(M—19N) /CROTE(M—-1 9N)I-ROTF(M,N) ) 
DEFF(My»N)=DEFF( 1 9N) #OEFF(M—1L9N)/(DEFF(M-1 ¢N)-DEFF(M,N) ) 
154 CONTINUE 
155 ROS(1)=CEFF(M,1)/HS1(1) 
IF(NS «Ee 1) GO TO 161 
DO 160 I[=2,NS 
ROS(I)=(OEFFIM,I1)-DEFFIM,I-1L))/HSCI) 
160 CONTINUE 
161 OC 162 N=lyNS 
VDEF(N)=-ROTF (M,N) *OWIN)/2.0 
ROBIN) =VCOEF(N)/HBW(N) 
162 CONTINUE 


CUMPUTE MOMENT, SHEAR AND FORCE ON FRAME BY SUBROUTINE FRAME 


CALL FRAME (MAX,ROTFFyRGTOsSCyROS KC SBW y SEF pROByROTFyNSy ITER MMMM 
1» My  DMCByDOMCT, OMBWeDMWB ¢ DMBF y DMFB gy MPC p MPF g MPWe NJ CON) 
IF(NJ 2EQ. 1) GO TO 180 
LF{A3S(DMCB(1)) «GE. MPC(1)) GO TO 181 
180 MMCB(1)=-KC*¥ROTOCITER) 
GO TO 182 
181 MMCB(1)=0MCB(1) 
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IF(NJ eEQ- 1) GO TO 183 

TF(ABS(OMCT(1)) .GE. MPC(1)) GO TN 184 

1F(ABSCDMCB(1)) «GE. MPC(1)) GO TO 185 

MMCT(LI=SC(1L) ¥(4.0*ROTFFC ITER, 1)42.0*RUTG(ITER)-6.0*®RNS (1)) 
GO TO 192 

MMCT(1)=OMCT(1) 

GO TO 192 
MMCT(1)=SC(1)*(3.0*ROTFFCITER,1)-3.0*ROS(1))4+9.5*DMCB(1) 
SHEC (1) =(MMCT(1)+MMCB{(1))/HS(1) 

IF(NS .~£Q. 19 GO TO 210 

DO 205 K=2,NS 

IF {NJ -EW. 1) GO TO 195 

TFCABS(OMCB(K)) .GE. MPC(K)) GO TO 196 

TFCABS(OMCT(K)) «GE. MPC(K)) GU TO 197 

MMCB(K)=SC(K) *(4.60*ROTFF( ITER, K-1)+2.C0*ROTFF(I TERK) -6.0*ROS (K)) 
GO TO 198 

MMCB(K)=DMCU(K) 

GO TO 198 

MMCB(K)=SC(K) ¥#(3 .O*ROTFFC ITER, K~-1I—329*ROS(K)) 402.5 *DMCT (K) 
IFINJ «EQ. 1) GEO TO 199 

IF{ABS(DMCT(K)) .GE. MPC(K)) GO TO 200 

IF(ABS(OMCB(K)) «GE. MPC(K)) GO TO 201 

MMCT(K)=SC(K) *(4.0*ROTFFE(ITER9 KI+2.0*ROTFF( ITER K-1I-6.0¥*ROS(K)) 
GO TO 202 

MMCT(K)=DMCT(K) 

GO TO 202 

MMCT(K)=SC(K) *(3 -DO*ROTFEC ITER» KI—-3.9*ROS(K) )#0.5*D0MCB(K) 
SHEC(K)=(MMCT(K) #MMCB( KI) /HSIK) 

FOC(K-1)=SHEC(K)-SHEC(K-1) 

CONTINUE 

FOC (NS)=-SHECINS) 

SHEAR(1)=0.0 

DO 219 K=lyNS 

IF(NJ -EQ. 1) GG TO 211 

IFCABS(DMBW(K)) «GE. MPW{K)) GO TO 212 

IF CABS(OMWB(K)) eGEe MPWI(K)) GO TO 213 

MOMBW(K)=SBW(K) *(4.0#RUTFFCITER SK) #2e0*ROTF(M,K) -6-0*ROB(K) ) 
GO TO 214 

MOMBW(K)=OMBW(K) 

GO TO 214 

MOMBW(K)=S Bw (KI * (3 OF ROTFF( ITER» KI—3e¢0*ROB(K)) 40.5 *0MWB(K) 
IF(NJS w.Ewe 1) GG TO 215 

IF (ABS(OMWB(K)) .GE. MPW(K)) GO TO 216 

IFCABS(DMBWIK)) eGE. MPW(K)) GO TO 217 

MOMWB(K)= SBw(K) *(2-O*ROTFFEIITER SKI +4. 0*ROTF (My K) -6.0*ROK(K) ) 
SO Td. 218 

MOMWB(K)=DMwB(K) 

GO TO 218 
MUMWB(K)=SBW(K) *(3.O0*ROTF (MK) -—3.0*RUBIK) )#0.5*DMBWIK) 
SHEARW(K)=(MOMBW(K)+MOMWB(K) )/HBW(K) 
MOMW(K)=-MOMWB(K)-SHEARW(K)*OW(K) 72.0 

F(M+#1,K)=-FOC(K) 

SHEAR(1)=SHEAR(1)+F(M41,K) 

CONTINUE 

PFINS JEG. 1). GO TO’ 227 

DG 226 K=2yNS 

SHEAR( K)=SHEAR(K-L)-F(M#1,K-1) 

CONTINUE 

[Fin Vee FX COTO 232 
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IF(M .EQ. MAX) GO TO 221 
DO 220 N=1y,NS 
IF CABS ((DEFF(M,N)-DEFFIM-1_9N))/O0EFFI(M,N)) «GE. CON .OR. ABS((KOTE ( 
1MyN)—-ROTFOM—1,N))/ROTFI(M~N)) «GEe CON) GO TO 232 
220 CONTINUE 
GC TO 223 
221 WRITE(6,222) MMMM 
222 FORMAT(1OXs*CYCLE NC.="51397Xe*CONVERGENCE (CALCULATION ON WALL) WwW 
LAS NOT ENOUGH'/) 
223 NCYCLE=M 
SHEAR (1)=0.0 
DO 224 N=1,NS 
COEFF(MMMM,N)=DEFF(NCYCLE ®N) 
CROTF(MMMM,N) =ROTFI(NCYCLE®N) 
IFUIMMMM EQ. 1) CSHEC(N)=SHEC(N) 
SHEAR(1)I=SHEAR(LI#FI(1,N) 
224 CCNTINUE 
[IF(NS eEQ- 1) GO TO 230 
DO 225 K=2,NS 
SHEAR (K)=SHEAR(K-1LI-F(lyK-1) 
225 CONTINUE 
230 DU 231 K=1,NS 
SHEAR(K)=SHEAR(K)#SHECI(K) 
231 CONTINUE 
RETURN 
232 CONTINUE 
RETURN 
END 
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IN SUBROUTINE FRAME, THE JCINT ROTATIONS OF THE FRAME FOR A 
SWAYED POSITION (ENFORCED BY THE WALL ) ARE COMPUTED. 

TRIS IS PERFORMED BY GAUSS-SEIDEL ITERATION METHOD. IF A HING# 
FORMS IN THE STRUCTURE THE JOINT ROTATION EQUATION IS MODIFIEW. 


SUBROUTINE FRAME (MAX, ROTFF,ROTOsSCeROS 5 KCo SGWy SBF pRB, ROTF yNSy ITE 
1R»MMMi49M,DMCB, OMCT » OMBW,DMWBy OMBF, OMFL y» MPC, MPF eo MPWeNJgCON) 
DIMENSION RCTFE (994930) »ROTO(99) »SC( 30) ,ROS( 30) » SBW( 30) » SBF(39) yRUG 
1(30) ,ROTF(99, 30) 4DMCB (30) »DMCT (30) »OMBW( 30) »DMWB( 30)» DMBKF(39), 
2DMFB( 30) ,AA(30) 588130) »CC(30),DD1 30) EE (39) FF (30) ¥GG(30) +HH( 329), 
3A(30) 3 
REAL KCeMPC(30) »MPF(30),MPW(30) 
DO 174 I=lyMAX 
IF{1 .GT. 1) GO TO 164 
DO 163 K=1l,NS 
ROTFF(1eK)=0.0 
163 CONTINUE 
164 N=l 
IF(N EQ. 1) GU TO 165 
N=N-1 
165 SC(NS#1)=0.0 
ROS(NS+1)=ROS(NS) 
ROTFF(N»NS#1)=ROTFF(N,NS) 
MPC(NS#1)=500.C 
DOMCB(NS+1)=0.0 
DMCT(NS+1)=0.0 
IF(NJ .EWe 1) GO TO 10 
TECABS(DMCBE1L)) «GE. MPC(1)) GO TO 20 
IF(ABS(DMCT(1)) ~GE. MPC(1)) GO TO ll 
10 ROTO(1)=(6.0*SC(1)*ROS(1)-2.0*SC(LIFROTFFIN, LID /(4.0*SC(1LI4KC) 
GO, 10.20 
Ll ROTO(I) =(3.0*SC(1)*ROS(1)-0.5*DMCT(1))/(3.9¥*SC(1 )+KC) 
20 DO 170 J=lyNS 
LECNJ. EQ. 1), G0, T0, 21 
IFCABS(DMBW(J)) .GE. MPW(J)) GO TO 30 
IF(ABS(OMWB(J)) «GE. MPW(J)) GO TO 40 
21 AA(J)=SBW( J) *(6.0*RGB(JS)-2.0*ROTF(M,J)) 
EE(J)=4.0*SBW(J) 
GO TO 50 
30 AA(JI=-DMBW(J) 
EE(J)=0.0 
GO TO 50 
40 AA(J)=3.0*S6w(J) *ROB(J)-0.5*OMW3B(J) 
EE(J)=3.0¥*SBW( J) 
SO fe(No SEO. 1) GO TO 51 
IFC ABS(DMBF(J)) »GE. MPF(J)) GO TH 60 
IF CABS(OMFB{J)) «GE. MPF(J)) GO TO 70 
51 8B(J)=0.0 
FF(J)=6.C¥*SBF(J) 
GO TO 80 
60 BB(J)=-OMBF(J) 
FF(J)=0.0 
GO TO 80 
70 BB(J)=-0.5*DMFB(J) 
FF(J)=3-0*SHF(J) 
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ens stwe 1) GG TO RI 

Le CABS COMCT (5) ) wok. MPG IJ)) GO TO 90 

fre (ABS (DMCB( J) 3° GE.) MPC (OU) ) GO To LG0 
Ped wede Ll) Ge Tu o2 

CC(J) =SC (5) *(6.0*ROS (J) -2 O#ROTFF(I,Jd-1)) 
GO TO 83 

CC(J) =SC (3) *(6.0* ROS (J) -2.0*ROTOIT)) 
GG(J)=4.0*SC lJ) 

Gir TO 11'0 

CC (J) =-DMCTI J) 

GG(J)=0.0 

(Giiow LNOy abl Ke, 

CCS) =3-0*SCUJ) ROS (59-96 S*OMCB( GU) 
GG(J)=3.0*SCCJ) 

Uh est dse 1) GOT Pa 

IF{ABS(DMCB(J+1)) «GE. MPC(J+1)) GO TO 12C¢ 
IFC ABSCOMCT(JS#1)) .GE. MPC(JU+1)) GO TO 130 
DD(J)=SC( S41) *(6.0¥*ROS(J41)-2.0*ROTFFIN, J+1)) 
Hit( J) =4.0*SC( Jel) 

GO TO 140 

DD(J)=-CMCK(U+1) 

HH(J)=0.0 

GO TU 140 
DD(J)=3.0*SC(Ut1) ¥ROS (S41 )-C.5*UMCT (+L) 
HH( J) =3-0*SC(J+1) 

BA(J) =EE( J) +FF (J) +GG(J)+HH( SS) 
LECASS(GA( J)) «LT. 0.90901) GO TO 170 
ROTFF( I yJ) =( AAC J) BB (J) +CC(J)*# DDI J) I/ 8A) 
CONT INUE 

ITER=I 

TFLITTER SEQ. VGC TO "174 

TFCABS(DMCB(1L)) eGEe MPC(1L)) GU TU 176 
IFLABS( (ROTO(II-“ROTOCIAL) )/ROTO(T)) .GT. CON ) GO TO 173 
POSIT? *=T' NS 

IF (ABS(BAC(K)) «LE. C.0001) GO TO 172 
LF(ABS((ROTFE( IL,» K)-ROTEF(I-1,K))/ROTFFLI9K)) «GT. CON 160 TO 173 
CUNT INUE 

RETURN 

Feet .eGS MAX) vu TO 175 

CONTINUE 

WRITE(6,181) MyMMMM 

FORMAT(1OX,*CYCLE NUc="9I3e2Xe"TO" pl 3e7Xy"CUNVERGENCE (CALCULATION 
1 ON FRAME) WAS NUT ENDUGH'/) 

RETURN 

END 
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OUTPUT STATEMENTS FCR FRAME FORCES AND DEFORMATIONS 


SUBROUTINE ROFA (ROUTFF, SHECyFOC,DMCByOMCT»ROTOesNSyNCYCLE, ITER» MMMM 
1) 

DIMENSICN ROTFF(.99, 30) » SHEC( 30) FOC (30) »ROTU( 30) »DMCB( 30) »DMCT( 39) 

WRITE(65371) 

FCKMAT(50X,28HRESULTS OF FRAME ANALYSIS///) 

wRITE(69372) MMMM,NCYCLE 

FORMAT(10X, "CYCLE NO. MMMM= © 91 392X_ "NCYCLE="yI13///) 

wRITE(6,200) 

FORMAT(1LOX,7HCOLUMNS//) 

WRITE (69373) 

FORMAT(10X,1lOHFLOUOR NOo/93Xy19SHJOINT ROTATION(RAD) 9 3X, 1 8HBOTTOM MN 
LMENT(KIN) 9 3X¢LOHTOP MOMENT(KIN) » 3XeLOHSHEAR(KIP) »3Xy LOHFORCEI(KIP) 
2) 

WRITE( 6,374) 

FORMAT(10X,9HSTGRY NU.//) 

wRITE(69375)ROTUCITER) 

FORMAT(12X 94HBASEs10X,E13-6/) 

DOust(xk. =1,NS 

WRITE(69378)KeROTFEL ITER K) yOMCB(K) pDMCT(K) » SHEC(K) » FOC (K) 

FURMAT(13X013910X9E13 069 8X9F 14029 6X 9 F 14029 4X eFl O02 3X9F10.2/) 

CONTINUE 

WRITE(6,386) 

FORMAT (1HK) 

WRITE(6,201) 

FORMAT(//1LOX»5HBEAMS//) 

WRITE( 6,380) 

FUORMAT(1LOX,»9HFLUCR NOey3Xyl6HMOMENT IN WALL» 3Xyl6HMUMENT IN WA 
LLL 93X~1l6HMCMENT AT COLUMN ,3X~¢LOHMOMENT AT ROLLER 3Xy14HSHEAR AT 
2THEs3XeLl4HSHEAR AT THE) 

wRITE( 69381) 

FORMAT(22Xe1l6HSIVE BEAM AT THE, 3X¢lL6HSIOE BEAM AT THE, 3Xy,16HEND OOF 
1 THE BEAM,3Xyl6HEND OF THE BEAMy3Xe14HENOS OF WALL »3X,14HENDS 
2 OF BEAM) 

WRITE( 64382) 

FUORMAT(22Xp1L6HCULUMN END(K-IN) 9 3X~L6HWALL END (K-IN)_3Xy1L6HON 20 
LLLER(K-IN) 9 3X~yL6HUN ROLLER(K-IN) 2 3Xe14HSTOC BEAM(KIP) 9 3X¢14HON RO 
2LLER(KIP)//) 

RETURN 
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OUTPUT STATEMENTS FOR SHEAK WALL FORCES AND DEFORMATIONS 


CY Oe Gres 


SUBROUTINE SR3 {(BMOMF,TMOMF, ROT ByNSeF1ly FOC, SHEAR,ROTF,0EFFyCROTF, 
1CDEFF,MMMM) 
DIMENSION F11(30),FO0C (39) »SHEAR(30) »ROTF( 99,30) »DEFF (99,430) y 
1CROTF (994,30) »CDEFF( 99530) »BMOMF (39) » TMOMF (30) 
WRITE(6,55) 

55 FORMAT(39X,52HSHEAR WALL ANALYSIS AND FINAL SLOPES AND DEFLECTIONS 
AVA 
WRITE(6,312) 

312 FORMAT(3X,1O0HFLUCR NOe/e3XelLSHWALL FORCE(KIP)»¢ 3Xy,1L6HFRAME FORCE(KI 
1P)—93X,LSHWALL SHEAR(KIP)y9Xy9l7THWALL MOMENT (K-IN) 9 9X», LOHSLOPFIRAD) y 
23X,14HDEFLECTION(IN) ) 

WRITE(6,401) 
401 FORMAT(3X,9HSTORY NOe »62X,6HBOTTGOM,13Xy3HTOP//) 

WRITE(6,20)ROTB 

20 FORMAT ( 5X»94HBASE ¢93X,E13-6/) 
DO 400 K=1,NS 
WRITE(69313) KyFLIL(K),FOCIK) »SHEAR(K) » BMOMF(K) »> TMGMF(K) pROTF C1 OK)» 
1DEFF(1,K) 

313 FURMAT(EX¢ 135 TXeFB o2olLlLX ep Fe 2p IX eFlO ery SrgFl4e2e3XeFl4e2y4Xe El 30 by 
13X,E13~-6/) 

4CC CONTINUE 

wRITE(65404) 
404 FORMAT(1LHK,50X,31HCHECK ON SLOPES AND DEFLECTIONS//) 
WRITE( 6,405) 
405 FORMAT(5X,9HFLOOR NOs 95Xy LOHSLOPE(RAD) 9 4X1 4HDEFLECTIONCINIS/) 
DO 402 N=1l,NS 
WRITE(6,403) No CROTE (MMMM, N) »>CDEFF(MMMM,~N) 
403 FORMAT(8X_13y 7XxE13-694X9E13-6/) 
402 CONTINUE 
RETURN 
END 
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IN SUBROUTINE SR1 FORMATION OF PLASTIC HINGE IN A MEMBER OF 
THE FRAME IS DETECTED 


SUBROUTINE SR* (0MF Bs, OMBF » DMBWs DMWB»yDMCT » DMCBy MOMFB y MOMBF gy MOMBW MO 
1MWB+MMCT »>MMCKyNSeM3 9 MPF yMPWy MPC) 
DIMENSTON DMF B(30) ,DMBF(30),DMBW( 30) » OMWB( 30) » DMCT( 39) .DMCB( 32) 


REAL MOMFB(30) »MOMBF (30) »MOMBW (30) »MUMWB( 30) ¢MMCT( 30) y 
1MMCB4 30) ,MPF( 30) »MPW(30) > MPC(30) 
M3=0 


DO 403 K=1,NS 
OMFB(K)=MOMFB(K) 
OMBF(K)=MOMBF (K) 
DMBW(K)=MOMBW(K) 
DMWB(K) =MGMWB(K) 
DMCT(K)=MMCT(K) 
DMC8(K)=MMCB(K) 
403 CONTINUE 


DO 610 K=1,NS 
WRITE(6,633) 
633 FORMAT(1LHK) 
IFC CABS(DMCB(K))).LTe-MPC{K))GO TO 616 
M3=M3+41 
WRITE(6,9617)K,CMCB{K) 
617 FORMAT(10X,50HHINGE AT BOTTOM POINT OF COLUMN IN STORY NO.wo!I 
1395X94OHMOMENT AT BOTTCM POINT OF COLUMN =,F14.295H K-IN/) 
TF(OMCB(K) -LT. 0-0) GO TO 10 
OMCB(K)=MPC(K)+0.0001 
GO TO 616 
10 DMCB(K)=-MPC(K)-0.0001 
616 ITF((ABS(DMCT(K)))-LTeMPC(KIIGC TO 602 
M3=M3+41 
WRITE(69618)KyOMCT(K) 
618 FORMAT(LOX,S5OHHINGE AT TOP POINT OF COLUMN IN STORY NUOsgI 
1395X»4OHMOMENT AT TOP POINT OF COLUMN =,F14.2,5H K-IN/) 
LECDMCT(K) «1. O10) GO TO 20 
DMCT(K)=MPC(K)4+0.0001 
COMO, G02 
20 DMCT(K)=-MPC(K)-C.0001 
602 IF(CABS(DOMFBIK)))-LT.MPFIKI)GO TO 694 
M3=M3+1 / 
WRITE(6,603)K,DOMFB(K) 
603 FORMAT(C1LOX,5OHHINGE AT ROLLER END OF BEAM ON ROLLER OF FLOOR NO.yI 
1395Xy4QOHMOMENT AT KOLLER END OF BEAM ON ROLLER =9F14e255H K-IN/) 
IF(DOMFB(K) LT. 0.0) GO TO 30 
DMFB(K)=MPF(K)+0.0001 
GO TO 604 
30 DMFS(K)=-MPF(K)-0.0901 
604 ILF{(ABS(DMBF(K))).LT»MPFI(K))GO TO 606 
M3=M3+1 
wRITE( 62605) K»eDMBF(K) 
605 FORMAT(10X,5OHHINGE AT COLUMN END OF BEAM ON ROLLER OF FLOOR NO.yI 
1395Xy40HMUMENT AT COLUMN END OF BEAM ON ROLLER =9F142295H K-IN/) 
IF UDMBFIK) -«LT. 0.0) GO TO 40 
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DMBF(K)=MPF(K)+0.0001 
GU TO 66 
40 DMBF(K)=-MPF(K)-0.0001 
606 LF((ABS(OMBwW(K))).LTeMPW(K))GO TO 608 
M3=M3+41] 
WRITE(6,607)Ky,DMBWIK) 
607 FORMAT(LOXs5OHHINGE AT COLUMN END OF WALL SIDE BEAM OF FLOOR Nieg!l 
1355Xy»4OHMCMENT AT COLUMN END OF WALL ST9E BEAM =9F14.295H K-IN/) 
[IF (DMBW(K) .LT. 0.0) GO TO 50 
DMBW(K)=MPW(K)+C.0001 
GO TU 6C68 
50 OMBW({K)=-MPW(K)-0.0001 
608 TF((ABS(DMWB(K)))eLTeMPW(K)IIGO TO 610 
M3=M3+) 
WRITE(6,609)K,DMWBIK) 
609 FORMAT(1LOX,50HHINGE AT WALL END OF WALL SIDE BEAM OF FLOOR NOwyI 
1355Xy»4OHMUMENT AT WALL END OF WALL SIDE BEAM =9F14.295H K-IN/) 
IF(DMWB(K) «LT. 0.0) GO TO 60 
DMWB(K)=MPW(K)+0.0901 
GO TO 610 
60 DMwh(K)=—-MPw(K)-0.0001 
61C CONTINUE 
RETURN 
END 
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APPENDIX E 
DESIGN EXAMPLE 


E.1 Introduction 

The behavior of a 24 story structure has been studied in 
detail in Chapter IV. The plan view of the structure is shown in 
Fig. 4.1. A three step design method for coupled shear wall-frame 
structures has been proposed (40). This appendix presents the de- 
sign of the 24 story structure using the method. 

The member sizes of a typical bent (Fig. 4.2a) are those 
listed in Table 4.1. However, the strength and stiffness of the 
wall is varied in order to attain the required ultimate load and a 
reasonable deflection at the working load level. A uniform wind 
pressure of 20 psf has been assumed to act on the structure. The 
factored total vertical loads on each story of the building are 


listed in Table 4.2. 


E.2 Design Steps 
(a) In Ref. (39), the bent shown in Fig. 4.2a has been de- 


signed as a braced frame for gravity load, using a load factor of 
1.70. Hence, the sizes listed in Table 4.1 are taken as the pre- 
liminary member sizes for each bent of the structure. 


(b) The entire structure is then lumped into the analytical 


ca 


Y0 yotosh beot eipntau. boo! ystvang Maha 


nt bert. need ash sywtoinse rode: BS et 


tt mortz ef avudourte ont Fo. ware nsf x hi 
ais 4-1em sere. ball quoo var bolid'om nota 


* i ; >. z . 


a: ‘ent ainaevig xtonaggs 2tnT - .(O8) pre asd ue a 


sbodtan add pateu Nutowe ee rote 
bach eve (6S.) 2p ta) $38) Teo taut & +0 ‘ihe dense: 99) 


ont 40 2zanttite bas ‘itera ons. nevawott aN ss mia et | 
6 5 hn ‘bsol stanitty benhupen gilt qa hci wi 


sb iw 26d 5S. pir rt na a ia 


Seer ewer ie aa ont | 
ato on) ot ively hoes 


Ew 


model described in Chapter III. The wall-to-column stiffness ratio, 
Ke of the shear wall has been selected as 50. However, the structure 
has been analyzed with M. ratios of both 4 and 5. In this appendix, 
the adequacy of the design has been checked only at the 5th and 

24th stories of the structure. The shear-deformation curves for 
these stories are plotted in Figs. E.1] and E.2 respectively. In 
Fig. E.1, the 5th story shear, Ves is plotted versus the sway ro- 
tation of this story, Pr. At this level, the applied shear is 585 
kips at the working load level and the factored load is 760 kips 
(1.3 x 585) as shown by the dashed lines in Fig. E.1. The ultimate 
loads of both example structures are higher than the factored load 
(760 kips). Therefore, the structure having K. = 50 and Me = 4 is 
adequate. In addition to the ultimate load criterion, the sway 
rotation at the working load level (585 kips) must be satisfactory. 
A value of 0.003 is selected as a limit for the sway rotation if 
the PA effect is not included in the analysis. In this case a 
greater sway rotation might still be satisfactory. At the 5th 
story, the sway rotation corresponding to the working level is 

0.002 which is well within the selected limit. 

Figure E.2 plots the 24th story shear, Voge versus the 
sway rotation of this story, Pog: In this case, the applied shear 
at working load level is 14.8 kips and the corresponding factored 
load is 19.4 kips as shown by the dashed horizontal lines in Fig. 


E.2. Again, the ultimate load capacity is satisfactory for both 
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Structures. The sway rotation corresponding to the working load 
is approximately .0034 which is above the selected limit. If de- 
sired, the sway rotation can be reduced by modifying the frame 
members or the shear wall near the top portion of the structure. 

(c) The results shown in Fig. E.1 and E.2 are based on the 
analysis of the lumped model (Fig. 3.1) which represents the entire 
structure. Hence, a check should be performed to determine whether 
the assumed resistance can, in fact, be delivered by the six steel 
rigid frames in the structure. 

In Fig. E.3, the frame shear at the 5th story, Veo has 
been plotted versus the sway rotation at this story, Pr. The 
solid curve represents the required frame resistance, obtained from 
the lumped model analysis of the structure with K. = 50 and Me = 4, 
while the dashed line represents the delivered resistance of the six 
steel rigid frames, as predicted by the subassemblage analysis. 

In the subassemblage method (27), it is assumed that the 
PA shear on the corresponding tributary area is resisted by the 
frame bents. However, in the actual coupled shear wall-frame structure, 
the PA shear is shared by the frames and shear wa!1. In order to 
account for the actual distribution, the total axial load acting on 
the frames is reduced by a factor, 8, which is the ratio of the shears 
developed in the frame to the total applied shears (including the PA 
shear). The resulting axial load as obtained above is then applied 


on the subassemblages. However, the plastic moment capacities of the 
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columns in the subassemblages are based on the axial loads computed 
from the plan areas tributary to each column. The dashed curve in 
Fig. E.3 is the shear-deformation response of the 5th story frame 
bents obtained from the modified subassemb lage method. For the 

5th story, since the difference between the delivered and required 
frame resistance is very small as shown in Fig. E.3, the member 
sizes in Table 4.1 are considered adequate. 

Figure E.4 plots the frame shear at the 24th story, Voqs 
versus the sway rotation of this story, Pog: The shears developed 
in this story are relatively high on account of the ‘whipping action' 
which occurs in the upper stories of coupled shear wall-frame structures. 
Hence, it is important to check the member sizes of the frame bents 
in this region. The PA shear in the 24th story is very small and in 
fact, negligible. However, the procedure described above was used 
to compute the shear resistance of the frames as shown in Fig. E.4. 

In Fig. E.4, the dashed line represents the delivered re- 
sistance as obtained from the modified subassemblage analysis, using 
the member sizes listed in Table 4.1. In this case, the delivered 
resistance is lower than the required resistance up to a sway ro- 
tation of 0.008 radians, although the difference is not significant. 
However, if desired, the delivered resistance can be increased by 
modifying the member sizes of the 24th story. The broken curve in 
Fig. E.4 represents the delivered resistance corresponding to a new 


set of girders: 16B26, 12B14 and I6WF50 at the 24th level. In this 
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case, the delivered resistance is increased, although it is still 
Slightly lower than the required resistance up to a sway rotation 


of approximately 0.006 radians. 
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APPENDIX F 
MATERIAL PROPERTIES 


F.1 Introduction 

This appendix presents the results of tests performed to 
determine the material properties of three wide-flange shapes used 
in Test Frames A, B and C; 5WF18.9, 4M13 and 5WF16. In addition, 
the results of tests on standard concrete cylinders and reinforcing 


bars used in the shear walls of the above specimens are presented. 


F.2 Wide-Flange Shapes 


The method of sectioning (48) was used to determine the 
residual strain distribution for each of the wide-flange shapes. 
The strips used for residual strain measurements were then milled 
to the shape of standard tensile specimens and tested in a hydraulic 
testing machine. 
F.2.1 Residual Stresses 

Longitudinal strips were obtained by slicing short sections 
of the specimen. The change in the strain before and after slicing 
the longitudinal strips free is taken as the residual strain. The 
details of the measurement procedure are given in Reference 49 . 

In Table F.1, the location of each numbered coupon in the 


cross-section is shown as well as the resulting residual stress dis- 


4 —— ay ee 


bd 


of pamotieq etess to adivesy orig ednseenq) xi 
beau eagen2 apne tt- ebtw: sess to ania ! 
WORSbbE Al .ataH2 bne €tMN . 2. 80ANe ZO tu 


pitowwtntey brs evabatt ve) sterones tnsbinsdg 0 event Yo 
-beangesrs Sts aroniaene avods sit alia: es 


eotaee trode ‘etiate se bianibiabas eqinte Leqitbus temo. . 
“pototle vests brs sioted aters2 ay sarsddo. ont T .nemitseqe ort ig 
oft .nieite Tewteet ot on fo ai on sare Cantbustenot as 

. &) aandretea ni ne | 

‘odd nt noquoz bs , 
-eth 22012 i at tives 


F2 


tribution. The numbers given represent the magnitude of the residual 
Stress at the center of the corresponding strip. The residual stress 
distributions for the 5WF18.9 and 4M13 sections are typical for 
rotarized members (50). The distribution for the 5WF16 section 
is typical for a member which has been rolled and allowed to cool 
without cold working. 
F.2.2 Tensile Test Results 

Flat tensile specimens were tested in a hydraulic testing 
machine. The results of the tensile tests are also given in Table 
Bale “Invtnis: table oy represents the yield stress; Ey. the yield 


Strait ec the strain-hardening modulus and Ou the ultimate 


Ses 
stress. The stress level of the plastic plateau (static) has been 
denoted by Oy: However, where no plastic plateau existed, Oy de- 

notes the yield strength at 0.2% offset. The stress-strain curves 


are given in Reference 49 . 


F.3 Concrete 

The concrete mix proportion for the fabrication of the 
shear wall was 1:2.8:1.9. Type III, high early strength Portland 
Cement was used with 3/8-in. maximum size pea gravel as coarse ag- 
gregate. The slump was approximately 4 inches. Three batches were 
required to cast each shear wall. Six standard control cylinders 
were made for each batch and tests on the cylinders were performed 
in accordance with ASTM C39 specifications. Four cylinders were 


tested in compression and the remaining two were used in the split 
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cylinder tensile test. In Table F.2, the average strengths ob- 


tained from the cylinders taken from each batch are listed. 


F.4 Reinforcing Steel 


Intermediate grade reinforcing bars, with the deforma- 
tions conforming to ASTM A305 specification were used in the shear 
walls. Tension tests were performed on three specimens on each of 
No. 3, No. 4, No. 5, and No. 6 bars. The average yield strength 


and ultimate strength for these bar sizes are listed in Table F.3. 
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TABLE F.1 MECHANICAL PROPERTIES OF STRUCTURAL STEEL FQ 


SECTION =f. mi Residual Stresses 
ksi ( Tension - ) 


0.00146 

0.00137 

0.00200 
0.00400 
0.00420 
0.00220 
0.00137 
0.00149 


0.00150 
0.00141 

0.00130 
0.00430 
0.00470 
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TABLE F.2 CONCRETE STRENGTH 


Compressive Tensile 

Batch No. Strength Strength 
(psi) (psi) 
] 4210 673 
2 4380 503 
3 4520 648 
1 4110 520 
2 4400 560 
3 4030 526 
] 4140 475 
2 4030 506 
3 4240 540 


TABLE F.3 PROPERTIES OF REINFORCEMENT 


Ultimate 

Bar Size Yield Strength Strength 
(ksi) (ksi) 
No. 3 59.0 87.8 
No. 4 Soro 84.3 
No. 5 Biles 81.0 


No. 6 50.6 80.2 
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